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In this thesis, I summarize my research on the generation of spin current via the 

spin Hall effect (SHE) in various material systems, the behaviors of the spin-orbit 

torques (SOTs) which result from the injection of spin current into an adjacent 

ferromagnet (FM) in the thin film heterostructures under different interfacial and 

ambient conditions, the engineering of perpendicular magnetic anisotropy (PMA) at the 

FM/oxide interface, and how to use this effect together with the large SOTs to 

manipulate the magnetic moment in magnetic tunnel junctions (MTJs). Accordingly, 

the thesis consists of four sections for the experimental details regarding the above 

aspects.  

In the first study, I focused on the behavior of the SOTs generated in normal 

metal (NM)/FM/oxide heterostructures under different interfacial and ambient 

conditions. By varying the spin current sources and controlling the different interfaces, 

the strength of the SOTs can be efficiently modified, pointing out the physical origins 

and mechanism of the generation and transfer of these SOTs in the NM/FM/oxide 

heterostructures. 

In the second study, I explored the SHE in various material systems beyond 

conventional heavy metals. These material systems include antiferromagnetic alloys 



 

and ferromagnetic alloys near the magnetic transition temperatures. By employing spin 

torque ferromagnetic resonance and the harmonic response technique, I was able to 

quantify the strength of the SHE in those material systems under both room temperature 

and low temperature ambient conditions. 

In the third part, I explained the discovery and manipulation of the PMA at the 

FM/oxide interface by inserting an ultrathin metallic dusting layer. I demonstrated that 

with this dusting technique, the PMA can be greatly enhanced and efficiently modified 

by the types of the dusting material, the amount of that material, and the post-fabrication 

process involving the dusting layer. 

In the last part, I showed that by combing the strong SHE in the heavy metal 

tungsten (W) and the PMA effect from the dusting technique, MTJs with fast, reliable 

switching and low switching current can be realized in three-terminal nanoscale devices, 

demonstrating their great potential as a building block for the next generation memory 

storage elements.   
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CHAPTER 1 

INTRODUCTION 

In this chapter, I will first discuss some basic background for the spin generation 

using transport methods in the magnetic thin film heterostructures utilizing the spin filter 

effect and the spin-orbit coupling effect. Then I will provide some discussion on the 

phenomena of spin transfer torque. Lastly, I will give a short introduction to the 

anisotropic magnetoresistance, giant magnetoresistance and tunnel magnetoresistance. 

 From the point of view of both fundamental physics research and engineering 

device applications, there are two key questions lying in the heart of the field of 

spintronics [1,2]. The first question is how can we polarize the spin, of the charge 

carriers for example, in a given material system? And the second question is how can 

we detect the signal from the spin in that system? To generate polarized spins, typically 

we have to create a nonequilibrium spin population in the system. This can be realized 

by optical methods known as optical pumping where the spin polarization can result 

from the absorption of the angular momentum of the incident circular polarized light [3]. 

In a transport system instead, the nonequilibrium spin population can have the form of 

a spin current that represents a flow of electrons with a certain polarized spin 

direction [4]. In a ferromagnetic thin film heterostructure that may include non-

magnetic, ferromagnetic and insulating layers (see Fig. 1.1 for illustration), there can be 

two efficient ways to generate a spin current. One way utilizes the spin filter effect 

where the electron spin is polarized into the majority or minority population direction 
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when the electrons flow through a magnetized system; while the other method relies on 

the spin-orbit coupling effect even though there is no magnetization in the materials. 

 To detect the signal from a net spin polarization in conductive electron system, 

one relies on the fact that as a fundamental property, the electron’s spin carries angular 

momentum. Considering the transport scenario, if a spin current is injected into a system 

having a net magnetization, the angular momentum of the spin current can be transferred 

to the magnetization, an effect known as the spin transfer torque [5]. This transferred 

spin momentum to the magnetized system can result in the changing of the direction for 

the magnetic moments if the spin transfer torque is large enough, and at the same time, 

the status of the magnetization can be read out via different types of magnetoresistance 

effects where the resistance of the system depends on the relative configuration of the 

magnetic moment relative to either the electrical current direction or the polarization of 

another magnetic moment.   

        

 

 

 

 

 

 

Figure 1.1: Schematic for an example of ferromagnetic thin film heterostructure. 
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1.1 Spin current generation via spin filter effect 

 In a ferromagnet, its spontaneous magnetization breaks time-reversal symmetry. 

This spontaneous magnetization also results in different densities of states at the Fermi 

surface for electrons with spin parallel or antiparallel to the magnetization due to the 

exchange spin splitting (see Fig. 1.2 for illustration).  

 

 

 

Conventionally, these two spin states are called majority and minority spin, with 

the former (majority) has a larger spin population than the latter (minority), thereby 

resulting in an unbalanced spin polarization inside a ferromagnet. In the transport 

scenario, when the electron current flows or tunnels through a ferromagnet, the 

originally unpolarized spin of the electrons becomes polarized due to the above effect. 

Figure 1.2: Illustration of the density of state for spin in a non-magnetic metal and          

ferromagnetic metal. Jex is the exchange interaction energy corresponding to the spin 

splitting in the ferromagnet. 



 

4 

 

When this electron flow leaves the ferromagnet and enters into an adjacent non-

magnetic metal, the polarized spin persists within a certain spatial range until it becomes 

unpolarized again due to the spin relaxation (see Fig. 1.3). This is the basic concept 

lying in the pioneering work on spin injection dated back to the 1980s [6,7].  

 

 

 

 

 

 

 

 

Fig. 1.3: Illustration of the spin filter effect in the generation of spin current. Figure        

reproduced from Stiles and Miltat [3].  
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1.2 Spin current generation via spin-orbit coupling 

1.2.1 Spin-orbit coupling  

Spin-orbit coupling can be understood via classical electromagnetism and 

special relativity. As known in classical electromagnetism, where an electron moves 

around a nucleus feels an effective magnetic field: 

                                                             
2c


= −

v E
B                                                                    (1.1)                

where v is the velocity of the electron, E is the electric field in which the electron is 

travelling and c is the speed of light. Notice that v can be expressed via the momentum 

p and the mass of the electron me, then: 

                                                         
2 2

ec m c

 
= − =

v E E p
B                                                           (1.2) 

This effective magnetic field B is exerted on the magnetic moment μ  carried by the 

electron’s spin S , and thereby resulting in the Zeeman interaction energy: 

                            
2 2

1
( ) ( ) ( )

2 2 2

B
SO B

e e

g
H g V

m c m c





= − = − =  

S E p
μ B S p                 (1.3) 

where g is the electron spin g-factor, B  is the Bohr magneton,  is the Planck constant 

and the 1/2 factor accounts for the correction from the Thomas precession. Assuming 

the central field approximation, the electric potential V will only depend on the radius 

between the electron and the nucleus, therefore ( )V V = r r . It is not difficult to 
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see that the Zeeman energy is proportional to the product of the spin and the orbital 

angular momentum L: 

                                          ( ( ) ) ( )SOH V   =S r p S r p S L                                       (1.4) 

The derivation here can be regarded as a simple example to show the concept of spin-

orbit interaction (or spin-orbit coupling). Generally speaking, not only the orbital 

electron of an atom or molecule, but also the itinerant electrons in a given conducting 

system can experience the spin-orbit coupling effect, and in the following sections I will 

discuss two specific scenarios to introduce how the spin-orbit coupling can generate a 

net spin polarization.  

 

1.2.2 Spin polarization due to spin-orbit coupling in systems with spatial inversion 

asymmetry 

 The so-called inverse spin galvanic effect (ISGE) may exist in a structure 

without spatial inversion symmetry [8], and such an effect can often has a form of the 

Rashba type spin-orbit coupling [9]: 

                                                        ( )R
RH


= σ z p                                                         (1.5) 

where σ  is the Pauli matrix, z is the direction normal to the spatial inversion symmetry 

breaking plane and R  is the Rashba parameter. Originally, the Rashba type spin-orbit 

coupling was proposed as a model [10] to explain the electron spin resonance 

phenomenon with spin-orbit splitting observed in experiments on two dimensional 
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GaAs-(AlGa)As semiconductor heterostructures [11,12]. In those quantum well 

structures with inversion asymmetry along the growth direction (e.g. z), the Rashba 

model suggests an interfacial electric field in that direction, zE=E z . Due to the spin-

orbit coupling, when the electron flows in an in-plane direction (e.g. v x ), it feels an 

effective magnetic field, referred as the Rashba field, that is transverse to both the 

symmetry breaking direction and the flow direction (i.e. y). In the presence of this 

effective magnetic field, the spin of the electron has the Hamiltonian described by 

Eq.(1.3) and the spin will precess around the Rashba field, which results in the spin 

polarization in that field direction. This spin-momentum locking effect is illustrated in 

Fig. 1.4:  

 

 

 

 

 

 

 

 

Figure 1.4: Spin-momentum locking in the electron states on the Fermi surface. Figure 

reproduced from Sinova et al. [8]. 
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Although it was firstly proposed for the two dimensional semiconductor 

heterostructures, the Rashba model has also been used to describe the spin-orbit splitting 

at the surface of heavy metals [13,14] and in topological insulator systems [15]. In the 

early 2010s, the Rashba model was proposed to explain the spin-orbit torque observed 

in the normal metal/ferromagnet (NM/FM) heterostructures [16,17], although later it 

was demonstrated that the spin-orbit torque in NM/FM heterostructures may be better 

explained by the spin Hall effect in the bulk of the NM. 

  

1.2.3 Spin polarization due to the spin Hall effect 

 Phenomenologically speaking, the spin Hall effect (SHE) describes a transverse 

spin current Js generated by a longitudinal charge current Jc. The transverse spin current 

carries spin with its polarization in the direction perpendicular to the plane defined by 

the charge and spin current: 

                                               s cJ σ J ,     
s cJ J

2
SH

e
=                                                       (1.6) 

where σ  is spin polarization direction, e is the charge of electron and SH  is known as 

the spin Hall angle (or ratio) that can be related to the ratio of spin Hall conductivity 

SH

xy  to the longitudinal resistivity xx : 

                                                             

SH

xy

SH

xx





=                                                             (1.7) 
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As shown in Fig. 1.5, the SHE can be analogous to the anomalous Hall effect (AHE). 

However, the transverse spin current in the SHE is a pure spin current (i.e. the net charge 

current is zero) while in the AHE the transverse net charge current is nonzero due to the 

different concentrations of the majority and minority spins that are deflected.  

 

 

 

 

 

 

 

 

 

The microscopic origin of the SHE lies with the spin-orbit interaction that results 

in the generation of the spin current. In particular, there are two mechanisms that can be 

responsible for the SHE: (a) the intrinsic mechanism that depends only on the electronic 

band structure of the material and (b) the extrinsic mechanism that relates to the electron 

wave packet experiencing a displacement during transport due to the spin-orbit coupling 

between the conduction electron and the impurity or structural disorder. The intrinsic 

mechanism of the SHE can be quite well described in the context of the well-studied 

Figure 1.5: Illustration of the anomalous Hall effect and spin Hall effect. Figure 

reproduced from Sinova et al. [8] 
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AHE [18] and the theory of the intrinsic SHE was first proposed by Karplus and 

Luttinger [19] in the 1950s and remodified recently with the Berry phases and Berry 

curvature language [20,21]. The intrinsic SHE was first observed experimentally in a 

two dimensional semiconductor system [22]. As for the extrinsic SHE, the exploration 

in theory can be dated back to the 1970s by Dyakonov and Perel [23] based on the idea 

of asymmetric scattering by Mott [24], and was later reexamined and developed around 

2000 [25,26]. The first experimental observation of extrinsic SHE was also in a 

semiconductor system [27]. 

The intrinsic SHE can be described using a two-dimensional Rashba model 

(Eq.1.5) in systems with spatial inversion asymmetry [28], although as a more general 

case in which there is even no inversion asymmetry, the intrinsic spin Hall conductivity 

may be better calculated by the Berry phase and Berry curvature in the momentum 

space [29]: 

                                     intrinsic ( ) ( )SH z z

xy n n

n

e e
f − =  =   k

k k

k k                                 (1.8) 

                                     
( )

2

2Im | | | |
( )

z

x yz

n

n n n n

n j n n v n

  

  
  =

−


k k

k k k k
k                             (1.9) 

where ( )z

n k  is the Berry curvature that describes the geometric property of the Bloch 

wavefunction in the nth band, nfk  is the Fermi distribution function, z

xj  is the spin 

current operator and yv  is the velocity operator. Within the Berry curvature model, the 

intrinsic SHE can be understood and evaluated from the viewpoint of the topological 
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properties of the Bloch state near the Fermi level in a band structure. For example, ab 

initio calculations such as density function calculation [29] and microscopic tight-

binding calculations [30] have been utilized to quantitively predict the intrinsic spin 

Hall conductivity in some 4d and 5d metals (shown in Fig. 1.6 and Fig. 1.7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: Result of a density function calculation of the intrinsic spin Hall conductivity 

of Pt, with the (a) band structure and (b) spin Hall conductivity of Pt. Figure reproduced 

from Guo et al. [29]. 
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The extrinsic mechanism SHE is typically categorized into two different types: 

(a) the skew-scattering contribution and (b) the side jump contribution. In the skew-

scattering mechanism, due to the presence of the spin-orbit coupling, the scattering of 

the electron wave packet is asymmetric with respect to the spin polarization. As a result, 

spins polarized in opposite directions will contribute to the spin current flowing in 

opposite directions, thereby creating a nonequilibrium spin polarization. In the skew-

scattering case, the corresponding contribution to the Hall conductivity (AHE or SHE) 

is proportional the Bloch state transport lifetime  , therefore the spin Hall resistivity 

can be evaluated as: 

Figure 1.7: Microscopic tight-binding calculations of the intrinsic spin Hall conductivity 

for some 4d and 5d metals. Figure reproduced from Tanaka et al. [30]. 
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                                                    2SH skew SH skew

xy xy xx xx   − −                                              (1.10) 

First principle calculations have been performed to study the skew-scattering 

contribution in certain material systems for example in [31,32] (Fig. 1.8). 

 

 

 

 

 

 

A simple picture of the side-jump contribution is that the electron wave packet 

with incident wave vector k, when scattering off an impurity with spin-orbit interaction

SOH S L   (Eq. 1.4), will have a displacement transverse to k. This mechanism was 

first proposed by Smit [33] and later reintroduced by Berger [34] to describe the AHE 

phenomenon. A detailed examination on the side-jump mechanism indicates two kinds 

of side-jump contribution: (a) the extrinsic side jump where the impurity has a spin-

orbit interaction with the conductive electrons and (b) the intrinsic side-jump 

mechanism where the contribution comes from only the spin-orbit-coupled part of the 

wave packet (see Ref. [8] for more details). An example of the first principle calculation 

Figure 1.8: ab initio calculations of the skew-scattering spin Hall conductivity in Pt with 

some 3d magnetic impurities. 
xy   and 

xy   correspond to the conductivities for spin up 

and spin down electrons respectively. Figure reproduced from Zimmermann et al. [32]. 
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of the intrinsic side-jump contribution is shown in Fig. 1.9. Recently, the side-jump 

mechanism has been suggested to explained the large enhancement of the SHE observed 

in Au doped with Ta impurity [35]. 

 

 

 

 

 

 

 

 

 

 

 

The side-jump contribution to the spin Hall conductivity is scattering-

independent and therefore independent of the transport time lifetime  , i.e. 0 . 

Notice that the intrinsic contribution to the SHE is also independent of  . As a result, 

Figure 1.9: Results of first principle calculations of the angular distribution of the 

intrinsic (int) and side-jump (sj) contributions to the AHE in Ni and Fe oven the Fermi 

surface. Figure reproduced from Weischenberg et al. [35]. 
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the spin Hall resistivity from the contribution of the side-jump (and intrinsic) 

mechanism can be expressed as: 

                                                   (int) (int) 2 2

xx

SH sj SH sj

xy xy xx   − −                                             (1.11) 

By combining Eq.(1.10) and (1.11), we can have an expression of the spin Hall 

resistivity from both the intrinsic and extrinsic contributions: 

                                                            2

xx

SH

xy xxa b  = +                                                        (1.12) 

where the first term on the right hand side of Eq.(1.12) represents the skew scattering 

contribution, while the second term denotes the intrinsic and/or side-jump contribution. 

Also, from the definition of the spin Hall angle SH  in Eq.(1.7), one has: 

                                                    

SH SH

xy xy

SH xx

xx xx

a b
 

 
 

=  = +                                            (1.13) 

 

 

1.3 Spin transfer torque 

 In 1996, the theory of “spin transfer torque” (STT) was proposed independently 

by Slonczewski [36] and Berger [37]. This mechanism of controlling the local magnetic 

moment using the transfer of the spin angular momentum instead of a magnetic field 

(generated by Ampere’s law) opens up a totally new avenue for spintronics research and 

provides the foundation for fast and low energy consuming spintronics device 

applications down to the sub-micrometer or even nanoscale [5,38]. 
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 To understand the phenomenon of STT, one can recall that in the spin filter 

effect, the conductive electron spins become partially polarized when they flows 

through a ferromagnetic metal (FM1). Now if we have a second ferromagnet (FM2) 

sufficiently close to FM1, the polarized spin current will inject into FM2 before it 

becomes spin unpolarized because of the spin relaxation. If the spin polarization σ  is 

not entirely parallel to the magnetization m in FM2, the transverse component of the 

spin polarization will be absorbed by FM2 (which can be regarded as another spin filter 

effect in FM2). After the transmission or reflection of the electron flow from FM2, the 

loss in the transverse component of the angular momentum of the spin is equal to the 

torque exerted on the magnetization via the conservation of the angular momentum. 

This is the simple picture for the mechanism of STT and it is illustrated in Fig. 1.10. 

Notice that in this STT geometry, the charge current is flowing perpendicular to the 

planes of the FM1/spacer/FM2 structure. 

 

 

  

 

 

 

Figure 1.10: Illustration of the generation of the spin transfer torque. Figure reproduced                                                      

from Brataas et al. [39] 
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The dynamic behavior of the magnetic moment under the influence of a STT 

(and other magnetic fields) can be quantitatively described by the Landau-Lifshitz-

Gilbert (LLG) equation modified by adding the extra terms due to the STT: 

                             ( )eff DL FL

d d

dt dt
   = −  +  +   + 

m m
m H m m σ m σ m              (1.14)                     

where effH  is the effective magnetic field,   is the gyromagnetic ratio,   is the Gilbert 

damping constant and DL ( FL ) represents the (anti)damping-like (field-like) 

component of the STT. The term DL  is called (anti)damping-like is because, given the 

directions of the incident spin current and spin polarization, this term will subtract from 

or add to the Gilbert damping term in Eq.(1.14). An illustration of the magnetic moment 

precessing around the effective magnetic field with the STT is shown in Fig. 1.11. 

 

 

 

 

 

 

 

Figure 1.11 Illustration of the spin transfer torque. Notice that the “Spin-transfer torque” 

component in this illustration is usually referred as the “(anti)damping-like torque” 

among literature. Figure reproduced from Brataas et al. [39]. 
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From the viewpoint of applied physics, the concept of using STT instead of a 

magnetic field to manipulate magnetic moment is of critical importance in modern 

spintronics applications. The possibility of controlling the magnetic state of the 

magnetization with STT makes it feasible to realize various magnetic devices as the 

elements of memory technologies compatible with circuit downscaling, such as binary 

memory devices [39–41], STT nano-oscillators [42,43] and spin-wave emitters [44,45].  

 As discussed above, in addition to the spin filter effect, spin-orbit coupling can 

also generate a spin current. When a ferromagnet is placed next to the material as the 

spin source that results from spin-orbit coupling, the injected spin current from that spin 

source will exert spin torque on the adjacent ferromagnet. The spin torque in this case 

is often referred as the “spin-orbit torque” (SOT) to be distinguished from the term “spin 

transfer torque” because of the different mechanisms for the generation of the spin 

torques. The charge current that generates SOT typically flows in-plane within the 

heterostructures compared to the traditional STT. The first experimental observations 

of the SOTs were in the early 2010s in the NM/FM bilayer structures [16,17,46,47]. 

Generally, the SOT also has the (anti)damping-like and field-like components as in the 

STT and the SOT-induced dynamics of the magnetic moment can be essentially 

described by the modified LLG torque equation (Eq. 1.14) as well. In addition to the 

torque equation, alternatively the SOT can be characterized by the current-induced 

effective fields instead of torques, typically in low frequency ( kHz ) SOT 

measurements [48,49]: 

                                        DL
DLH




  − σ m ,  FL

FLH



  − σ                                         (1.15) 
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where DLH ( FLH ) corresponds to the damping-like (field-like) SOT, and both DL  

and FL  are defined in Eq. (1.14). This can be easily checked by substituting the 

definition of the effective fields in Eq.(1.15) back to Eq. (1.14) and notice that they 

indeed have the unit of a magnetic field (though they are not real magnetic fields). 

 

 

1.4 Magnetoresistance 

 So far, I have introduced the microscopic mechanisms of the generation of spin 

current in spin filter effect and spin-orbit coupling. I have also briefly discussed how 

the spin current can interact with the magnetic moment via the spin transfer torques. 

However, one critical question has yet to be answered: how can one detect the signals 

of these spin-related effects? Actually depending on the specific system, the magnetic 

signals can be read out by different types of so-called magnetoresistance phenomena, in 

which the longitudinal ( xxR ) or transverse resistance ( xyR ) of the magnetic structure, 

which can have one or more FM layers, depends on the configuration of the 

magnetization.  

 

1.4.1 Anisotropic magnetoresistance and Hall resistance 

 Let’s consider the bulk of a conducting ferromagnetic thin film with an internal 

magnetization and ignore all other interfacial effects. The anisotropic magnetoresistance 
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(AMR) in a FM describes the resistance of the FM depending on the relative angle   

between its magnetization m and the charge current J. Let the measured longitudinal 

resistivity be   when m is parallel (or antiparallel) to J, and be ⊥  when m is 

perpendicular to J, then AMR can be expressed as: 

                                                ( ) 2cosxx    ⊥ ⊥= + −                                                    (1.16) 

The microscopic origin of AMR is due to the anisotropic scattering of the electron in 

the ferromagnet with respect to the magnetization direction [50]. Notice that AMR can 

not only generate a resistance change in the longitudinal direction but also in the 

transverse direction due to the same origin [51]: 

                                                      ( )sin cosP

xy    ⊥= −                                               (1.17) 

This transverse anisotropic resistance effect is often referred as the “planar Hall effect”.  

 As for a ferromagnet, in the transverse Hall voltage there is also the well-known 

anomalous Hall effect which also depends on the relative angle between m and J. In the 

thin-film ferromagnetic structure with charge current running in plane, the anomalous 

Hall resistance is a function of the out-of-plane component of the magnetization: 

                                                                 mA

xy A zR R=                                                             (1.18) 

Therefore in such a system, the total transverse voltage signal, by combining the 

transverse AMR in Eq.(1.17) and the anomalous Hall signal in Eq.(1.18) can be 

expressed as: 



 

21 

 

                                                         m m mxy A z P x yR R R= +                                                  (1.19) 

where AR ( PR ) denotes the strength of the AHE(AMR).  

After the discovery of strong SHE in NM/FM systems, a new type of the 

magnetoresistance called “spin Hall magnetoresistance” (SMR) was also proposed [52] 

to explain the peculiar behaviors of the longitudinal and transverse magnetoresistance 

in certain SHE-based NM/FM systems [53,54]. The SMR typically has the same 

magnetization dependence as those in Eq. (1.16) and (1.17) but instead of being the 

result of spin-dependent scattering, it originates from the inverse SHE that depends on 

the spin accumulation at the NM/FM interface.  

 

1.4.2 Giant magnetoresistance 

 The discovery of the large magnetoresistance effect in conducting ferromagnetic 

and non-magnetic multilayers, which was named “giant magnetoresistance” (GMR), 

marked the start of modern spintronics research and applications [55,56]. Considering 

a sandwich structure consisting of two FM layers separated by a thin conducting pacer: 

FM1/NM/FM2, the magnetization m1 and m2 in FM1 and FM2 can be either parallel 

or antiparallel to each other, as shown in Fig. 1.12.  
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When a charge current is flowing perpendicular to the multilayers (current-

perpendicular-to-plane, CPP), the total resistance of the structure will depend on the 

relative configuration of m1 and m2, and typically the resistance when m1 and m2 are 

parallel ( PR ) is smaller than that when m1 and m2 are antiparallel ( APR ), i.e. P APR R . 

This is the GMR effect, and it also exists when the charge current is running in plane 

with regard to the layers (current-in-plane, CIP, though the effect is smaller than the 

CPP case [57]). The CPP scheme is also known as the “spin valve” structure. 

 Spin-dependent scattering is the origin of the GMR effect. The GMR can be 

described by the two-current model [58]. The majority spin, when the spin polarization 

Figure 1.12: Illustration of the giant magnetoresistance. Figure reproduced from Wiki. 
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is parallel to the magnetization, usually has weaker scattering (and thus lower resistance 

R R
 
=  in Fig. 1.12). However, the minority spin that has spin polarization 

antiparallel to the magnetization tends to have stronger scattering (and thus higher 

resistance R R
 
=  in Fig. 1.12). One may define the GMR ratio as ( ) /AP P PR R R− , 

and from Figure 1.12 one can have: 

                                           
( )

2

1

4

AP P

P

R RR R
GMR

R R R

 

 

−−
= =                                       (1.20) 

Figure 1.13 shows the first experimental observations of the GMR effect. 

 

 

 

 

(a)

 

(b)

Figure 1.13: First experimental observations of the giant magnetoresistance effect in 

Fe/Cr multilayers at (a) room temperature and (b) cryostat temperature. Figure 

reproduce from Binasch et al. [56] and Baibich et al. [57]. 
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1.4.3 Tunnel magnetoresistance 

In addition to GMR, the observation of tunnel magnetoresistance (TMR) also 

has played an important role since the early research in spintronics. Unlike GMR, TMR 

exists in FM1/insulator/FM2 junction structure and it was firstly observed in Fe/Ge/Co 

junction under cryogenic temperature in 1975 by Julliere [59]. In a FM1/insulator/FM2 

structure, when the insulator is sufficiently thin, the electron from one side in the 

ferromagnet can be tunneled through the insulator to the other side. As explained 

previously, the majority and minority spin in a ferromagnet have different density of 

states (DOS). As a result, when a bias is applied across the junction, the tunnel resistance 

can change depending on whether the majority(minority) spin on one side tunnels to the 

majority or minority band on the other side of the insulator, as illustrated in Fig. 1.14. 

 

Figure 1.14: Illustration of the tunnel magnetoresistance. Figure reproduced from Zutic 

et al. [2]. 
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 For a given material system, the TMR depends on the spin polarizations, P1 and 

P2, of the ferromagnets on both side of the insulating barrier. The spin polarization can 

be calculated from the majority and minority spin DOS at the Fermi level [2]: 

                                                      
( ) ( )

( ) ( )

F F

F F

N E N E
P

N E N E

 

 

−
=

+
                                                    (1.21) 

where ( )FN E


 and ( )FN E


 are the DOS for the majority and minority spin at the 

Fermi level respectively. Notice that Eq. (1.21) is often an over-simplified model to a 

realistic material system, for example MgO tunnel barriers. The TMR ratio can be given 

by: 

                                                   1 2

1 2

2

1

AP P

P

R R PP
TMR

R PP

−
= =

−
                                                (1.22) 

where PR ( APR ) denotes the tunnel resistance when the two magnetizations are parallel 

(antiparallel) in the FM1/insulator/FM2 junction.  

 

 

 

 

 

 

Figure 1.15: Experimental observation of large tunnel magnetoresistance in the epitaxial 

growth Fe/MgO/Fe junction. Figure reproduced from Yuasa et al. [63]. 
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After the discovery of TMR, large TMR was later observed in Al oxide 

junctions [60,61]. In 2004, over 200% TMR at room temperature was observed in 

Fe/MgO/Fe and CoFe/MgO/CoFe junctions [62,63] (an example shown in Fig. 1.15), 

demonstrating the feasibility of using a magnetic tunnel junction (MTJ) as the basic 

memory element in non-volatile magnetic random-access memory (MRAM) with 

potentially high storage density. The highest record so far of TMR at room temperature 

is above 600% in CoFeB/MgO/CoFeB junction [64]. 
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CHAPTER 2 

SPIN-ORBIT TORQUE IN NORMAL METAL/FERROMAGNET 

HETEROSTRUCTURES 

In the following sections, I will firstly introduce the concept of the interfacial 

spin mixing conductance. Then I will derive the analytical expressions for the SHE-

induced spin torques in the NM/FM/oxide heterostructure using the spin diffusion 

model and compare them with the experimental results to illustrate the important role 

of the interfaces in the spin transport. Lastly, I will show the spin torque measurements 

under different interfacial and ambient temperature conditions to demonstrate that the 

SHE can not only generate large damping-like torque but also a sizable field-like torque 

when the FM is thin. 

 

2.1 Introduction 

 In a non-magnetic normal metal/ferromagnet/oxide heterostructure 

(NM/FM/oxide, such as illustrated in Fig. 1.1) in which the NM exhibits a strong SHE, 

as mentioned in chapter 1, the SHE generates a transverse spin current that can be 

injected into the FM resulting in SOT being exerted on the magnetization m. This 

process can be described more precisely with the concepts of spin accumulation and the 

so-called spin mixing conductance. The SHE-induced spin current is a result from the 

longitudinal charge current. This transverse spin current will diffuse through the NM 

and generate a spin accumulation sμ , i.e. the non-equilibrium spin population with the 

form of a potential analogous to a charge potential, at the NM/FM interface. This spin 
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transport usually can be described by the spin diffusion model in the bulk of the NM [65]. 

The amount of the spin accumulation at the interface is also governed by the interfacial 

spin mixing conductance which determines the fraction of the spin current that enters 

the FM and the fraction being reflected. 

 

 

2.2 Interfacial spin mixing conductance 

2.2.1 Magnetoelectronic circuit model 

 The non-local spin transport process in a NM/FM heterostructure can be 

effectively described by the magnetoelectronic circuit model [66–68]. In the schematic 

illustrated in Fig. 2.1, the NM (also referred as the “node”) is connected to several FM 

parts (also referred as the “reservoirs”) and when the chemical potentials are not 

identical in the FM reservoirs, the NM node can have a non-equilibrium spin population. 

 

 

 

 

 

Figure 2.1: Illustration of the node-reservoir scheme in the magnetoresistance circuit 

model. Figure reproduced from Brataas et al. [66]. 
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 In the spin space, the current î , including the part from a spin current, per energy 

interval at energy   in the NM node near the contact can be expressed in a 2 2  

matrix [66]: 

                                       ( ) ( )
2

* *ˆ ˆ ˆˆ ˆ ˆˆ ˆnm N nm nm F nm N

nm

e
i r f r t f t Mf

h
 = + −
                     (2.1) 

where ˆnmr  is the reflection matrix for an electron from mode m (in the Landauer 

formulism) reflected in mode n,  ˆnmt is the transmission matrix for an electron from 

mode m transmitted in mode n, ( )ˆ N Ff  is the Fermi distribution in NM(FM), and M is 

the number of the propagating channels. With the definition of ( )ˆˆ ˆ1 / 2u = +σ m  and  

( )ˆˆ ˆ1 / 2u = −σ m , in which 1̂  is the unit matrix and σ̂  is a vector of the Pauli spin 

matrix, Eq. (2.1) can be further written as: 

                                      
( ) ( )

( )
*

ˆ ˆ ˆ ˆˆ ˆ ˆ ˆ ˆ

ˆ ˆˆ ˆ ˆ ˆ

F N F N

N N

i G u f f u G u f f u

G u f u G u f u

     

     

= − + −

− −

                        (2.2) 

where sG ( ,s =  ) is the spin dependent conductance and G
 is the spin mixing 

conductance defined as: 

                                                     
2

2
s nm

s

nm

e
G M r

h

 
= − 

 
                                           (2.3) 

                                                  ( )
2

*
nm nm

nm

e
G M r r

h



 

 
= − 

 
                                     (2.4) 
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G  is a complex quantity and it is usually expressed with the real(“r”) and 

imaginary(“i”) parts respectively: 
r iG G iG = + . The theoretical calculations based on 

Green function point out that r iG G  in some typical NM/FM structures [69]. 

Sometimes the spin mixing conductance is also written as the normalized conductance: 

2( / )g G h e  . The spin mixing conductance essentially describes the spin transport 

process when the spin polarization s is noncollinear with the magnetization m, and it 

can be used to evaluate the spin current when the spin accumulation is not equal across 

the NM/FM interface. Notice that the spin accumulation can be generally calculated 

as [68]: 

                                                           ( )ˆˆTrs d f  =
 μ σ                                          (2.5) 

The analytical form of Eq. (2.5) depends on the boundary conditions of the structure. 

 

2.2.2 An example: spin pumping  

 The magnetoresistance circuit model and the concept of spin mixing 

conductance can be applied to describe the dynamic spin process. A good example is 

the spin pumping phenomenon, for which the magnetoresistance circuit theory provides 

a clear explanation [70] of the enhanced Gilbert damping in comparison to the bulk 

values observed in some early experiments on NM/FM heterostructures [39,71,72].  

 In a typical spin pumping experiment (as schematically illustrated in Fig. 2.2), 

the magnetization m is excited by the external magnetic field (usually in the RF 
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microwave frequency range). Under resonance condition, m precesses around the 

effective magnetic field. As a result, a spin current pump

sI  is pumped out of the FM [70]: 

                                         
4

pump

s r i

d d
A A

dt dt

 
=  − 

 

m m
I m                                        (2.6) 

In the above equation, m is the dynamic vector of the magnetization that obeys the LLG 

equation, and the so called “spin pumping conductance” r iA A iA= +  is essentially 

equal to g , i.e. the spin mixing conductance, when the FM is thick enough.  

  

 

 

 

 

 

 

 

 Taking into account  the backflow of spin into the FM induced by the spin 

accumulation at the NM/FM interface [67], the total spin current can be evaluated to be 

proportional to the spin pumping current (Eq.2.6), pump

s s

d

dt
 

m
I I m , in which the 

Figure 2.2: Schematic of the spin pumping process. Figure reproduced from 

Tserkovnyak et al. [67]. 



 

32 

 

imaginary part of the spin mixing conductance is usually ignored. The net total spin 

current, when pumped out of the FM and injected into the NM, carries a spin torque, 

s−τ I , that is exerted on the FM. After substituting this torque into the LLG equation, 

it is not difficult to see that this torque from spin pumping effectively adds to the Gilbert 

damping constant. This is the spin pumping model for the enhanced Gilbert damping 

constant (  )in NM/FM thin film heterostructure and it is an interfacial effect. Notice 

that the enhanced damping constant is expected to be proportional to the inverse of the 

FM thickness, 1

FMt −   since it is an interfacial effect [67]. 

 

 

2.3 Dependence of the interfacial transparency of spin-orbit torque in the thin film 

heterostructures 

2.3.1 Derivation of the spin torque expression in a NM/FM bilayer system 

 In this section, I will derive the analytical expression of the SHE-induced spin 

torque in a NM/FM bilayer structure illustrated in Fig. 2.3 using the spin diffusion 

model [65]. 

  Here I will assume the charge current jc is running in the x direction. In a SHE 

scenario, this charge current generates a transverse spin current. In a thin film structure 

(the x-y plane in this case), I will focus on the diffusive spin current on the z direction 

(i.e. one-dimensional approximation) that has spin polarization along the y axis.  
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Therefore, in the NM1 the SHE generates a spin current, 1

SHE
j  as: 

                                                     1 , 1

SHE SHE

SH c xj j= =j y y                                             (2.7)          

Notice that the vector in Eqn. (2.7) denotes the spin polarization direction. The spin 

current results in a spin accumulation distribution, 1

s
μ , inside NM1 that satisfies the 

diffusion equation: 

                                                           
2

1 1

2

s s

sf

D
z 


=



μ μ
                                                     (2.8) 

where D  is the conduction electron diffusion coefficient and sf  is the spin-flip time in 

NM1. Here I have assumed that the precession frequency ω of 1

s
μ  satisfies 1sf . 

Eq. (2.8) has a general solution as: 

Figure 2.3: Schematic of the normal metal/ferromagnet bilayer. 
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                                                         1 1

1

z z

s e e 
−

= +μ A B                                                 (2.9) 

where 1 sfD =  is the spin diffusion length in NM1 with thickness t1 and conductivity 

1 . The total spin current ,1sj  in NM1 will include the component from the SHE-induced 

spin current and that from the diffusive spin current resulting from the spin 

accumulation: 

                                                       1 1
,1 1

2

s
SHE

s j
e z

 
= − −



μ
j y                                          (2.10) 

 Consider the two boundary conditions at z=0 (the NM/FM interface) [65] and 

z=t1 (the NM/substrate interface) in Fig. 1.3: 

                                   r i
,1 1 1(0) ( ( (0) ) ( (0) )s s

s

G G

e e
= −   − j m μ m μ m                         (2.11) 

                                                              ,1 1( ) 0s t =j                                                    (2.12) 

Notice that in the boundary condition Eq.(2.11), we ignore the component of the spin 

current that has the spin polarization along the magnetization m , since the component 

will not contribute to the torque. By further assuming that the imaginary part of the spin 

mixing conductance 
iG  is negligible compared to rG , solving Eq. (2.9)-(2.12) gives the 

spin current at the NM/FM interface (i.e. z=0): 

                       ( )1 r
,1 1

11
r 1

1

2
(0) (1 sech( ))

2 tanh( )

SHE

s

t G
j

t
G G





= − −  

+

j m y m                    (2.13) 
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In Eq.(2.13), I have defined the “spin conductance” G1 of NM1 as 1 1 1/G  = . The spin 

current in Eq.(2.13), after injecting into the FM (with thickness FMt ), exerts a torque on 

the magnetization (with magnitude sM ): 

                                              ,1( (0))
2

s

s FMeM t


= −  τ m m j                                       (2.14) 

After substituting Eq. (2.13) into (2.14), the spin torque reads: 

              1
1

FM 1 1 1 1

2
( ) (1 sech( )) ( ( ))
2 2 tanh( / )

SHE r

s r

t G
j

eM t G G t



 

 
= −   

+ 
τ m y m        (2.15) 

Notice that the torque in Eq. (2.15) corresponds to the damping-like torque. The field 

like torque, which depends on magnitude of 
iG , can be derived similarly [65]. On the 

other hand, in a spin pumping experiment, the enhanced damping can be calculated in 

a very similar way [73]: 

                         r 1 1 1
eff

FM 0 r 1 1 1 FM

2 tanh( / )

4 (2 tanh( / )) 4s s

G G t
g

M t G G G t M t

 


  

 = =
+

                  (2.16) 

where 2

0 2 /G e h=  is the conductance quantum, and I have defined the effective spin 

mixing conductance r 1 1 1
eff

0 r 1 1 1

2 tanh( / )

(2 tanh( / ))

G G t
g

G G G t





 =
+

.  
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2.3.2 Interfacial spin transparency and spin memory loss 

 From Eq. (2.15), the (damping-like) spin-torque efficiency, DL , can be defined 

as: 

                                             
1 1 1

2

2 tanh( / )

r
DL SH

r

G

G G t
 


=

+
                                     (2.17) 

The spin-torque efficiency is what we measured from the direct SHE experiments in 

which the strength of the SHE is estimated from the magnitude of spin torque. Eq. (2.17) 

indicates that generally the spin-torque efficiency is less than the internal spin Hall angle 

and their ratio can be defined as the interfacial spin transparency: 

                                           int

1 1 1

2

2 tanh( / )

DL r

SH r

G
T

G G t



 
 =

+
                                   (2.18) 

The concept of the interfacial spin transparency emphasizes the importance of the 

interface for a given NM/FM structure, since the net spin torque exerted on the FM, 

which is proportional to DL , is constrained by intT . On the other hand, DL  is always a 

lower bound of the internal spin Hall angle, since int 1T  .  

 The derivation above assumes that there is no extra spin relaxation at the 

NM/FM interface. However there could be some kind of spin relaxation process in a 

realistic interface and it can be generally referred as the spin memory loss (SML) 

effect [74]. The SML may be modeled as a very thin layer (with thickness tI and spin 

diffusion length ,Is ) between the NM and FM serving as the spin relaxation region. 

After some math by solving this trilayer model and assuming that the NM is thick 
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enough compared its spin diffusion length, the spin torque efficiency can be expressed 

as [73]: 

                                               eff

I NMsin cos
DL SH

G

G G
 

 



=
+

                                    (2.19) 

where the spin flip parameter is defined as I ,I/ st = , I I ,I/ sG  = , and 
effG  is the 

effective spin mixing conductance, which in this case is a parameter depending on the 

spin mixing conductance and the spin conductance of the NM and SML layers [73]. Eq. 

(2.19) suggests that the stronger the spin flip in the SML (i.e. larger  ), the smaller the 

spin torque efficiency is, which is exactly the essence of the SML effect. The SML has 

been applied to explain the different length scales in thickness-dependent spin Hall 

signal and magnetic damping in the inverse spin Hall experiments [74]. 

 

2.3.3 Experimental results 

 In order to test the concept of the interfacial spin transparency and reveal the 

important role the interface plays in the spin torque process, we fabricated a series of 

Pt-based Pt/FM heterostructures and measured their SHE-induced spin torques. The thin 

film heterostructures here were grew by direct current (DC) sputtering (RF magnetron 

for the insulating oxide layers) from 2-inch planar magnetron sources onto thermally-

oxidized Si substrates. The sputtering chamber had base pressure < 
84 10 Torr− , with 

the DC sputtering conditions of 2 mTorr Ar and 30 watts power, which resulted in a low 

deposition rate of 0.01nm/s  for the different conducting layers.  
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Firstly, we characterized the samples’ magnetic properties via the vibrating 

sample magnetometer (VSM). Fig. 2.4 shows the results for the as-grown and annealed 

(at 350C for 30 min) substrate/Co50Fe50(tCoFe)/Pt(4) with CoFe1nm t 9nm  . In 

Fig.2.4(a), the linear fits to the magnetic moment as a function of the CoFe thickness 

gives the magnetization 61.56 10 A/msM =   and the magnetic dead layer 

0.30 0.10nmdeadt =   for the as grown sample, and 61.82 10 A/msM =   and 

0.70 0.10nmdeadt =   for the annealed sample. The increased magnetization and dead 

layer after annealing indicate the possible change in the crystalline structure of the CoFe 

layer and a different interface between CoFe and Pt.  

Figure 2.4: Characterization of the magnetic properties of the CoFe/Pt samples. (a) The 

VSM measurements on the as-grown and annealed samples. (b) The magnetic 

anisotropy energy density calculated from the magnetization and effective thickness of 

the CoFe/Pt samples. The red solid and open circles are data from two samples. Figures 

reproduced from Pai et al. [73]. 
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 The changes in the magnetic properties of these CoFe/Pt samples before and 

after annealing are also indicated by the effective magnetic anisotropy energy density 

effK  calculated from the effective magnetization eff4 M  (determined from the spin-

torque ferromagnetic resonance experiments, see below) and effective FM thickness efft

(i.e. the thickness after subtracting the apparent dead layer thickness from the nominal 

thickness). The effective magnetic anisotropy energy density usually can be separated 

into the bulk and interfacial terms, which denotes the bulk ( bK ) and interfacial ( sK ) 

contribution to the magnetic anisotropy respectively: 

                                              ( )2

eff eff eff2b s sK t K M t K= − +                                    (2.20) 

Using Eq. (2.20), the linear fits in Fig.2.4(b) gives as-grown 20.48 0.17erg/cmsK =   and 

annealed 20.52 0.21erg/cmsK =   respectively. The slightly different slopes for the as-

grown and annealed cases are consistent with the changes in sM  determined from the 

VSM measurements Fig.2.4(a).  

 Next, I measured the spin torques via the spin-torque ferromagnetic resonance 

(ST-FMR) method [46]. In a ST-FMR experiment, a RF current with frequency f

( GHz ) is running in the sample while under an external magnetic field extH . The 

resonant condition describing the relation between the frequency, magnetic field and the 

effective magnetization of the FM follows the Kittel formula: 

                                            ( )ext ext eff4
2

f H H M





= +                                          (2.21) 
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Eq. (2.21) can be used to evaluate the effective magnetization ( eff4 M , also referred as 

the effective demagnetization field).  

In the ST-FMR measurements, the line shape of the resonance peak includes the 

symmetric (S) and antisymmetric (A) components where S is due to the damping-like 

torque while A is a result from the field-like torque. The FMR spin torque efficiency 

can be evaluated via the S/A ratio [73]: 

                                   ( )eff

FMR FM NM eff 04 1 4 /s

S e
M t t M H

A
  

 
= + 

 
                      (2.22) 

where 0H  is the resonance field. In a system in which the field-like torque only results 

from the Oersted field, FMR is equal to the damping-like spin torque efficiency (i.e. 

FMR DL = ) and it should be independent of the FM thickness. However, if the field-

like torque has also an additional effective field-like component and if that is 

proportional to eff

FM1/ t , then there is [73]:  

                                             
eff

FM NM

1 1
1

4

FL

FMR DL se M t t



  

 
= + 

 
                                (2.23) 

where FL  is the field-like spin torque efficiency from the effective field-like torque 

excluding the Oersted field contribution. 
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Figure 2.5 shows the ST-FMR measurements of the CoFe/Pt samples. As shown 

in Fig. 2.5(a) for the as-grown CoFe/Pt sample, the FMR spin torque efficiency 

FMR 0.10  with no significant tCoFe dependence, which indicates that the effective 

field-like indicating that the effective field-like component is negligible in these as-

grown samples (i.e. 0FL ). On the other hand, also shown in Fig. 2.5(a) for the 

annealed CoFe/Pt samples, FMR exhibits obvious tCoFe dependence, suggesting the 

presence of the non-zero FL . The sign change in FMR  around tCoFe=2 nm is associated 

with a sign change in the antisymmetric component of the ST-FMR signal, which field-

like spin-orbit torque and the Oersted torque has opposite signs. By fitting the inverse 

of the FMR spin torque efficiency as a function of the inverse of the effective thickness 

of the CoFe layer using Eq. (2.23), we find as-grown 0.10 0.005DL =   and 

as-grown 0.004 0.002FL = −  , while annealed 0.077 0.005DL =   and annealed 0.011 0.003FL = −  . 

Figure 2.5: ST-FMR measurements of the CoFe/Pt samples. Figures reproduced from 

Pai et al. [73]. 
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The decreasing of the damping-like spin torque efficiency after annealing demonstrates 

the sensitivity of the interfacial spin transport to the details of the composition and 

processing of the NM/FM interface, and it is probably due to the enhanced dead layer 

forming the SML layer at the interface upon annealing. 

 

 

 

 

 

 

 

 In addition to the spin torque, as mentioned previously the magnetic damping 

measurements can also provide important information about the interfacial transparency. 

Fig. 2.6 shows the magnetic damping measurements on the CoFe/Pt before and after 

annealing. As shown in Fig. 2.6(a), the magnetic dampening α increases with decreasing 

tCoFe in both cases, but the increase is more pronounced for the annealed samples. As 

mentioned in the previous part (Eq. (2.16)), the enhanced magnetic damping can be 

related to the effective spin mixing conductance effg , in a NM/FM heterostructure 

which can be described by the spin pumping theory and without significant SML 

contribution. A linear fit to the as-grown CoFe/Pt sample is given in Fig. 2.6(b) using 

Figure 2.6: Magnetic damping measurements of the CoFe/Pt samples. Figure 

reproduced from Pai et al. [73]. 
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Eq. 2.16, which gives ( ) 18 2

eff,as-grown 9.8 0.2 10 mg −=    and an intrinsic Gilbert damping 

constant 0 0.009 0.001 =  . With 
eff,as-growng , the interfacial spin mixing conductance 

(ignoring the imaginary part) can be evaluated via: 

                                               

2

eff

2

eff NM1 2 /

e
g

h
G

e
g G

h







 
 
 =
 

−  
 

                                         (2.24) 

For Pt, resistivity-dependent spin torque measurements [75] give the estimation of its 

spin conductance as 15 1 2

Pt 1.3 10 mG − −=   . Using this Pt spin conductance and 

eff,as-growng  measured from the FMR, Eq.(2.24) results in 15 1 20.57 10 mG − −=   in the 

as-grown CoFe/Pt, which is not far from a model calculation for the Co/Pt interface 

( 15 1 20.59 10 mG − −=   ) [65] and a first principle calculation of the Sharvin 

conductance of Pt [68]. This suggests that the SML, which can bring in extra damping 

contribution [74] other than the spin pumping model, may not be significant in this case. 

We can then estimate the internal spin Hall angle of Pt Pt

SH  via the measured spin torque 

efficiency as-grown 0.10DL =  with Eq. (2.17) and get Pt 0.17SH = . This indicates that the 

spin transparency in this system is around 60%. On the other hand, similar calculation 

based on the enhanced magnetic damping, as shown in Fig. 2.6(b) yields an unphysical 

result, 0G  , for the annealed CoFe/Pt. This unexpected result indicates that there is 

an extra magnetic damping contribution in the system likely from the SML effect, 

consistent with the decreased spin torque efficiency ( annealed 0.077 0.005DL =  ), which 
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may be a result of the formation of the dead layer at the CoFe/Pt interface upon 

annealing. Spin torque and magnetic damping measurements on the Co/Pt samples also 

reveal possible SML effect in those heterostructures [73]. After all, the above 

experiments demonstrate the critical role of the NM/FM interface in the spin transport 

process.  

 

 

2.4 Origin of the field-like spin-orbit torque in NM/FM heterostructures 

 In the previous section, the discussion was basically focused on the damping-

like spin torque. The SOT generally has two components that can be imbedded into the 

LLG equation to describe the magnetization dynamics, as mentioned in Chapter 1. In 

addition to the damping-like (DL) torque, the so-called field-like (FL) torque can also 

exist in the same material system. These two torques have distinguishable symmetries 

with respect to the magnetization direction (Eq. 1.14). Although the mathematical form 

of these two torques is relatively simple, their physical origin is much more unclear even 

though many studies have attempted to determine the properties of these spin torques. 

The Rashba spin-orbit coupling interaction was firstly suggested to explain the 

experimental observation of in-plane-current-induced spin torques in NM/FM 

heterostructures [16,17]. The Rashba model is typically expected to generate a larger 

FL than DL torque, at least within the context of a Boltzmann equation or drift-diffusion 

analysis [65]. Alternatively, the strong SHE in the bulk of certain heavy metal (HM) 

materials was proposed to explain the spin torques in the same NM/FM thin-film 
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structures [46,47,76], in which case the absorption of the transverse polarized 

component of the spin current generally exerts a larger DL torque and reflection with 

some spin rotation can result in a smaller FL torque as described, for example, using the 

spin mixing conductance model [65]. After the proposal of the SHE scenario, it was 

supported later by studies of SOT excitation of nanomagnets and domain wall motion 

in HM/FM heterostructures, in which case both a DL torque from the SHE-induced spin 

current and an interfacial Dzyaloshinskii-Moriya interaction both play important roles 

in the SOT dynamic process [77–79]. 

However, large FL torque has indeed been observed in HM/FM systems where 

the FM is thin and magnetized out of plane [80], which seems to be puzzling given the 

dominant role of the SHE in the generation of DL torque. Several studies have reported 

behaviors of the FL torque in terms of its magnitude and the sign with respect to the 

thickness of the FM [81,82], the type of FM [83], the type of HM  [84,85], the direction 

of the magnetization in FM [86,87] and temperature [80,87]. In the following sections, 

I will introduce our experimental measurements of the thickness and temperature (T) 

dependencies of current-induced spin-orbit torques, especially the FL component, in 

various HM/NM spacer/FM/Oxide heterostructures. Our experimental results indicate 

that the FL torque in these samples originates from the SHE in the HM.  

 

2.4.1 The non-local FL torque in HM/spacer/FM heterostructure 

 The Rashba spin-orbit coupling is a local effect at the NM(HM)/FM interface 

where the spin polarization at the interface is coupled to the magnetization via the 



 

46 

 

exchange interaction thereby resulting an effective field (i.e. the FL component) [9]. On 

the other hand, the SHE model describes the transport of the diffusive spin current that 

carries angular momentum, which can be injected into the FM. As a result, the SHE-

induced spin torques are non-local.  

 In order to confirm the non-local nature of the FL torque in HM/spacer/FM 

heterostructures, we sputtered a series of in-plane magnetized 

W(4)/Hf( Hft )/Fe60Co20B20( FeCoBt )/MgO(2)/Ta(1) samples, where 0.25 2nmHft = −  and 

2 7 nmFeCoBt = − , with the numbers in parentheses represent the nominal thickness in 

nm. The DC sputtering conditions were 2mTorr Ar pressure, 30 watts power. Here the 

Hf layer between the W and FeCoB layers serves as a spacer which allows the spin 

current generated in the W to diffuse into the FeCoB layer. Notice that the Hf layer itself 

has negligible SHE (see the sections below). By varying the Hf thickness, the amount 

of spin current can be controlled. 

 We measured the DL and FL torques with the ST-FMR techniques. For a fixed 

Hf spacer thickness, the ST-FMR signals were acquired from different FeCoB 

thicknesses. As shown in Fig. 2.7(a), the FMR spin torque efficiency FMR  shows a 

strong FM thickness dependence, indicating a non-negligible FL torque (see Eq. 2.23). 

From fits to Eq. (2.23) (dashed lines in Fig. 2.7(a)) for a given Hf spacer thickness, the 

DL and FL spin torque efficiencies ( DL  and FL ) as a function of Hft  can be 

determined, with the results shown in Fig. 2.7(b). In our convention here the negative 
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signs of both DL  and FL  indicate a negative spin Hall ratio for W and a FL effective 

field that is antiparallel to the current-generated Oersted field. Both DL  and FL   

 

 

 

 

 

 

 

 

 

decrease as Hft  increases and extrapolate to negligible values at large Hf thicknesses, in 

accord with the decreasing magnitude of spin current from W. After considering the 

relevant material parameters, we found that the spin current (and thus the DL torque) 

follows a Hft  dependence, Hf Hf Hf Hf/ /

(Hf,W)1/ ( )
t t

e P e
 −

+ , where (Hf,W) 0.25P   [88]. 

Accordingly, the relatively well fit (solid line in Fig. 2.7(b)) to DL  gives a self-

consistent value of the spin diffusion length in Hf, Hf 0.9 0.2nm =  . We also found 

that ( )FL Hft  can be fitted with the same form with a small extra constant term ,0| |FL , 

as shown in the dash line in Fig. 2.7(b): 

Figure 2.7: ST-FMR measurements on the W/Hf/FeCoB/MgO samples. (a) FMR spin 

torque efficiency as a function of tFeCoB. (b) The DL and FL spin torques as a function 

of the Hf spacer thickness. The red solid line indicates a small residual FL spin torque 

efficiency ( 0.010 0.004−  ). Figures reproduced from Ou et al. [88]. 

(a) (b) 
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Hf Hf Hf Hf

,0/ /

(Hf,W)

| (0) |
| ( ) | | |FL

FL Hf FLt t
t

e P e
 


 

−
= +

+
                             (2.25) 

The good fits in Fig. 2.7(b) indicate that both DL  and FL  are the result of a diffusive 

spin current from the underlying W that passes through the Hf layer. The non-local 

property of the FL torque observed here is consistent with previous studies reported for 

Py/Cu/Pt and CoFeB/Cu/Pt systems [81,85]. Also notice the fit for FL  suggests a small 

residual FL component ( ,0 0.010 0.004FL = −  ) when the Hf is in the thick limit and 

the spin current from W is negligible, which may be owed to a weak Rashba-type spin-

orbit coupling at the Hf/FeCoB interface [89] or potentially the FeCoB/MgO interface.   

 

2.4.2 Contribution to the FL torque at the FM/oxide interface 

After we established that the majority of both the DL and FL torques result from 

the spin current generated by the SHE, we turned to the other aspects of the FL torque. 

As mentioned previously, the FL torque can be considerably stronger in perpendicularly 

magnetized (PM) samples, which typically have much thinner FM layers than in-plane 

magnetized samples. As shown in the following parts, we designed a series of 

experiments to show that the large FL torque in PM samples is strongly dependent on 

both
  
t

FM
 and the details of the FM/Oxide interface.  
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To show that the strength of the FL torque indeed strongly depends on 
 
t

FM
, we 

fabricated two series of PM samples: Ta(4)/FeCoB( FeCoBt )/MgO  and 

Ta(6)/FeCoB( FeCoBt )/Hf( tHf
) (oxidized)/MgO. In the latter case, Hf0 0.4 nmt  , and 

the Hf dusting layer was oxidized to form a thin HfOx layer during the subsequent sputter 

Figure 2.8: FM/oxide contributions to the FL torque. (a) The current-induced effective 

fields /DL eH J   and /FL eH J   as a function of FeCoBt  for a Ta/FeCoB/MgO and a 

Ta/FeCoB/HfOx(0.2)/MgO sample. (b) /DL eH J  and /FL eH J   as a function of the 

Hf passivation layer thickness. (c) /FL eH J  as a function of the inverse of the 

anisotropy field aH . Inset: aH for different Hf passivation layer thicknesses. Figures 

reproduced from Ou et al. [88]. 
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deposition of the MgO without any post-fabrication annealing (see Chapter 4 for more 

information about the Hf dusting in the formation of perpendicular magnetic anisotropy).  

For these PM samples, we characterized the DL and FL spin torques via the 

harmonic response (HR) technique [48,90], in which the spin-torque-induced effective 

DL and FL fields, which are proportional to the DL and FL spin torques respectively, 

can be measured from the first and second harmonics Hall voltages for a given 

longitudinal current density, eJ ,under the external field sweeps: 

                                          
( ) ( )

( ) 2

2

1 4

L T T L

DL FL

H H
H





 + 
 =

−
                                  (2.26) 

where 
2 2

( ) 2

( ) ( )

2 H H
L T

L T L T

V V
H

H H

  
 = −

 
 is the harmonic response calculated from the ratio 

of the Hall voltages under the longitudinal(transverse) field sweep, and   is the planar 

Hall correction ratio [90], the ratio of the effective planar Hall resistance to the effective 

anomalous Hall resistance 

Figure 2.8(a) shows the effective fields per current density as measured by HR 

as a function of FeCoBt , for Hft = 0 and 0.2 nm. Notice that the small Oersted field 

contribution has been subtracted from the /FL eH J   results. In both the FM/MgO and 

FM/HfOx/MgO cases, /FL eH J   decreases rapidly as FMt  increases from 0.7 nm to 1.0 

nm. For a given value of 
 
t

FM
, the strength of the FL torque is stronger for the 

FM/HfOx/MgO samples by approximately a factor of 2 compared to FM/MgO. 
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 The above results indicates that /FL eH J   depends strongly on both
  
t

FM
 and 

the composition of the FM/Oxide interface for the PM samples, while in the previous 

section our studies as a function of the thickness of a Hf spacer between the HM and the 

FM in PM samples show that the origin of this enhanced FL torque is a result from the 

spin current emitted from the HM, and the spin-orbit torques decay as a function of 

increasing Hf spacer thickness. Therefore, we can conclude that the enhanced FL torque 

in the PM samples must be mainly due to the portion of Js from the HM, before 

dephasing and/or relaxing, that can pass through the FM layer and reach the FM/Oxide 

interface. As a result, for a very thin FM layer the spin scattering at that interface is able 

to affect the amount of spin accumulation there. 

To support the conclusion that the FM/oxide interface plays an important role in 

the generation of large FL torque in thin FM samples, we also measured the /DL eH J   

and /FL eH J   as a function of the thickness of an oxidized Hf dusting layer for a series 

of Ta(6)/FeCoB(0.8)/Hf( tHf
)/MgO samples, as shown in Fig. 2.8(b). As tHf

 increases 

from approximately one atomic layer (0.2 nm) to two (0.4 nm) there is only a small 

change in DLH , while FLH  decreases markedly, by nearly a factor of two. The strong 

variation of the FL term with tHf  
is probably related to the more complete passivation 

of the FM surface by a slightly thicker Hf layer. As shown in the inset to Fig. 2.8(c), the 

perpendicular anisotropy field 
 
H

a
 increases as tHf

 becomes thicker, which supports 

the above attribution. In Fig. 2.8(c) we plot /FL eH J   as a function of 1/ aH , which 

indicates that as the strength of the interfacial anisotropy increases, FL  decreases 
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linearly. This phenomenological behavior is also observed in Ta/FeCoB/MgO PM 

samples where we found that /FL eH J   for that system also varies as 
  
1/H

a
 when 

different annealing temperatures were employed to modify the perpendicular magnetic 

anisotropy [88]. This suggests a tradeoff between the spin-orbit interaction that creates 

the PMA at FCB/Oxide interfaces [91] and the spin relaxation mechanism responsible 

for FL spin torque.  

 

2.4.3 Temperature dependence of the spin torques in HM/NM/FM/oxide 

heterostructures 

 In order to get more insight into the properties of the spin torques, especially the 

FL component, we performed systematic temperature (T) dependence measurements on 

the spin torques in the HM/NM/FM/oxide heterostructures with different heavy metal 

materials. We found that neither DL  nor FL  has a significant T dependence for the in-

planed magnetized W/Hf/FeCoB/MgO samples [88] studied in the previous section; on 

the other hand however, the FL torque contribution from the FM/Oxide interface is 

strongly temperature dependent, which we tentatively ascribe to the T-dependent spin-

flip scattering at the FM/Oxide interface. The T-dependent spin torque measurements 

on the PM samples are shown in Fig. 2.9. 
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Figure 2.9: Temperature dependent measurements of the spin torques in various 

HM/NM/FM/oxide heterostructures: (a) Ta(4)/FeCoB(0.8)/MgO; (b) 

Ta(6)/FeCoB(0.8)/HfOx(0.2)/MgO; (c) Ta(4)/Hf(1)/FeCoB(1)/MgO and 

Pt(4)/Hf(0.5)/FeCoB(1)/MgO; and (d) W(4)/Hf(1)/FeCoB(1)/MgO and 

Hf(4)/FeCoB(1)/MgO. The dashed lines are fits to the linear portion of the 

( ) /FL eH T J   variation. Figures reproduced from Ou et al. [88]. 



 

54 

 

Figure 2.9(a) and (b) show results obtained respectively from an annealed 

Ta(4)/FeCoB(0.8)/MgO sample and an as-grown Ta(6)/FeCoB(0.8)/Hf(0.2)/MgO 

sample, that is without and with the Hf dusting layer. While /DL eH J   shows little 

variation with T, there is a strong T-dependence in /FL eH J   in both cases as T goes 

towards zero. The behavior of /FL eH J   for the sample without the Hf dusting is quite 

similar to that reported previously [15,23]. Below 250 K, FLH  decreases in a quasi-

linear way with decreasing T, approaching zero around 70 K. It then departs from 

linearity to vary more slowly, becoming slightly negative as T goes to zero. Notice the 

convention here is that a negative DLH  corresponds to a negative spin Hall angle. As 

for the FL torque in the Hf dusting sample (Fig. 2.9(b)), it also shows a strong T 

dependence that is even more linear for T below 200 K to at least 50 K.  From these 

results we can conclude that the FM/HfOx interface is responsible for the linear T 

dependence of the FL torque in all these samples at low T.  

For additional insight we also studied PM samples with different HM base layers 

and with a thin Hf spacer layer between the HM and the FM: 

Ta,Pt,W(4)/Hf( Hft )/Fe60Co20B20( FeCoBt )/MgO(2)/Ta(1), where 0.5 or 1 nmHft = and 

0.7 1 nmFeCoBt = − . The thin Hf spacer layers in these samples can enhance the PMA in 

the HM/Hf/FeCoB/MgO heterostructures without sacrificing all the spin current from 

the HM in determining the strength of the SOT [92].  

Figure 2.9(c) shows ( )DLH T  and ( )FLH T  as generated in a Ta and a Pt based 

sample with the Hf spacer and Fig. 2.9(d) shows results from a W sample ( 1 nmHft =  
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for the Ta and W samples and 0.5 nmHft =  for the Pt sample). In all three cases,  DLH

is again nearly T-independent, increasing just slightly with decreasing T. The different 

signs for DLH  are consistent with the different signs of the spin Hall ratio SH  

(negative for Ta and W, positive for Pt). The sign of ( )FLH T  at T = 300 K is in all 

cases opposite to that of SH , being + for Ta and W, and – for Pt. In all cases ( )FLH T  

decreases quite linearly with decreasing T down to ~ 5 K and exhibits a sign change at 

low T for Ta and W, which can be most strongly seen in the W sample. Since W has the 

highest spin Hall ratio, the W base layer provides the strongest incident spin current at 

the Hf/FM interface and results in the largest field-like torque being exerted there, in 

comparison to the Ta/Hf/FM and Pt/Hf/FM samples. ( )FLH T  at the lowest 

temperature for the W sample corresponds to a FL spin torque efficiency 0.03FL  − , 

which is consistent with the IPM ST-FMR measurement for the same structure with the 

same Hf thickness (Fig.2.7 (b)).  

In order to eliminate the possible contribution from the Hf spacer or Hf/FeCoB 

interface in these spin-torque measurements, we measured ( )DLH T  and ( )FLH T  in 

a control sample having only a 4 nm Hf base layer, that is Hf(4)/FeCoB(1)/MgO, as also 

shown in Fig. 2.9(d). ( ) /DL eH T J   is negligible over the full T range, while 

( ) /FL eH T J   is quite small, 6 21 10 Oe/(A/cm )−  with little T variation, indicating 

both the SHE or Rashba spin-orbit coupling from the Hf spacer layer is negligible. 

 From the non-local spin torque and temperature dependence measurements, we 

conclude that the dominant mechanism in generating FLH  is the scattering of the 
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incident SHE-generated Js  at each of the two interfaces of the FM. For the spin torque 

that is exerted only at the NM/FM interface (e.g. in the in-plane magnetized samples) 

the result is a comparatively small field-like torque, FLH  < DLH , and has weak T 

dependent. When in thin PM samples where a significant Js reaches the FeCoB/Oxide 

interface, it results in a stronger contribution to the FL torque at T ~ 300 K with a sign 

opposite to SH  (under our sign convention) and with FLH    DLH , but this 

contribution decreases rapidly close to zero at low T, leaving only the weaker spin 

current dependent contribution to FLH  from the HM/FM interface, where the spin 

scattering can perhaps be treated via the scattering-matrix spin mixing conductance 

scenario where spin rotation during the reflection of part of Js will result in a field-like 

torque [65]. Our results here also show that at the FM/Oxide interface, the strength of 

aH  is inversely correlated with the strength of the field-like torque (see for example 

Fig. 2.8(c)), which indicates that the electronic states at the FM/Oxide interface may be 

distributed between those that generate the interfacial anisotropy and those that provide 

the spin relaxation pathway with the distribution depending on annealing or the Hf 

dusting passivation. 
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CHAPTER 3 

BEYOND 5d HEAVY METALS: SPIN-ORBIT TORQUE IN NOVEL 

MATERIAL SYSTEMS 

 

3.1 Introduction 

 Since the discovery of the current-induced SOT in NM/FM heterostructures, 

most of the studies have been focused on the 5d transition heavy metals as the spin 

sources, for example Pt [16,46], beta-Ta [47] and beta-W [76]. It has been demonstrated 

that such 5d heavy metals typically have strong SHE (e.g. with SHE angles larger than 

5%) due to the large spin Hall conductivity these elements have, which is related to their 

large atomic numbers and thus strong spin-orbit interaction, as predicted from first 

principle calculations [30]. In addition to the 5d elements, some 4d transition metals, 

such as Pd and Au, have also been reported to have sizable SHE, such as discussed in 

Ref. [8,93] for example. 

 The demonstration of a large SHE in AuCu-I-type metallic antiferromagnets 

(AF) in inverse spin Hall measurements on Py/X50Mn50 (X=Pt, Ir, Pd, Fe) systems [94] 

in 2014 stimulated strong interest in the spin-orbit torque studies in antiferromagnetic 

materials [95,96]. In these AF with collinear antiferromagnetic order, theory has 

predicted that the strength of the SHE depends on not only the atomic number of X (i.e. 

relative strength in the spin-orbit interaction), but also the crystal orientation and the 

staggered AF magnetization [94]. In addition to the collinear AF materials, 

experimental observation of a strong SHE in triangular AF IrMn3 has also been 
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reported [97,98], in which the SHE is attributed to the large intrinsic spin Hall 

conductivity resulting from its chiral AF order [98]. Instead of its traditional role serving 

as the pinning layer in magnetic tunneling junctions, the strong SHE in AF as a spin 

current source, combined with its special properties such as the AF order and exchange 

coupling, may provide new functionalities in the spintronics applications [99,100]. In 

the first part of this chapter, I will discuss our study on the strong SHE in the 

antiferromagnetic material PtMn and demonstrate the deterministic SOT-assisted 

magnetization switching in PtMn/FM heterostructures. 

 Compared to the non-magnetic transition metals and antiferromagnets that has 

no net internal magnetization, the detection of SOT from ferromagnetic materials is 

more challenging, which may be at least due to the fact that the internal magnetization 

of the FM tends to quickly dephase the transverse spin polarization of the spin current 

generated from, for example, the SHE in the FM. Therefore, it is quite unusual that 

sizable SHE has been observed in ferromagnetic Py via inverse spin Hall 

measurements [101,102]. Alternatively, in a temperature region near the ferromagnetic 

transition of a diluted ferromagnet, when the internal magnetization has not yet well 

established, the SHE may exhibit unexpected behavior corelated to the strong spin 

fluctuations in that temperature region. For instance, abnormality in the inverse spin 

Hall signal in the vicinity of the ferromagnetic transition of the diluted FM NixPd1-x has 

been reported [103]. In the second part of this chapter, I will introduce our experimental 

studies on the strong enhancements of the SHE in ferromagnetic FePt alloys near the 

Curie temperature due to spin fluctuations.  
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3.2 The strong spin Hall effect in the antiferromagnetic PtMn 

3.2.1 Sample growth and fabrication 

 All samples in this study [104] were grown by DC sputtering (with RF 

magnetron sputtering for the MgO layer). The sputtering chamber has a base pressure 

88 10 Torr−  , with the DC sputtering condition using 2mTorr Ar pressure, 30 watts 

power, which results in low deposition rates ( 0.02nm/s ). The PtMn alloy is sputtered 

from a 2-inch planar Pt50Mn50 target directly. All of the PtMn samples have a Ta seeding 

layer as a smooth template base layer and the thin MgO/Ta top layers as the capping 

layers to protect the stack from oxidation.  

 We deposited six series of samples: 

(A)||Ta(1.5)/PtMn(8)/Co( Cot )/MgO(1.6)/Ta(1.5);  

(B) ||MgO(1.6)/Co( Cot )/PtMn(8)/MgO(1.6)/Ta(1.5) 

(C) ||Ta(1.5)/PtMn(8)/FeCoB( FeCoBt )/MgO(1.6)/Ta(1.5) 

(D) ||MgO/FeCoB( FeCoBt )/PtMn(8)/MgO(1.6)/Ta(1.5) 

(E) ||Ta(1.5)/PtMn(8)/FeCoB( FeCoBt )/MgO(1.6)/Ta(1.5) 

and (F) ||Ta(1.5)/PtMn(8)/Hf(0.25)/FeCoB(0.8)/MgO(1.6)/Ta(1.5) 

in which “||” denotes the Si/SiO2 substrate and the numbers in the parenthesis are in unit 

of nm. Series (A) to (D) are for in-plane-magnetized (IPM) ST-FMR measurements, 

while (E) and (F) are perpendicularly magnetized (PM) samples for harmonic response 
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(HR) measurements. We characterized the magnetic properties of the unpattern samples 

via the VSM technique and therefore determined the effective magnetization and dead 

layer thickness. In the discussion below, the effective FM thickness 
eff

FMt  has been 

subtracted with the dead layer thickness. We then patterned the thin films into the 

rectangular bar and Hall cross structures, via the standard photolithography and ion 

etching process, for ST-FMR and HR detection. 

 

3.2.2 SOT measurements via ST-FMR for the IPM samples 

   Figure 3.1(a) shows the typical ST-FMR measurement schematic is illustrated 

in Fig. 1a. The ferromagnetic resonance signal resulting from the RF input current is 

measured by lock-in detection. And during the ferromagnetic resonance, the voltage 

consists of the symmetric and antisymmetric components of anisotropic 

magnetoresistance response, and the FMR spin torque efficiency FMR  can be evaluated 

from the ratio of the symmetric to the antisymmetric component. Figure 3.1(b) shows 

the results FMR  as a function of Co thickness tCo
 for both the series (A) (main) and (B) 

(inset) order samples. Notice that (A) and (B), and (C) and (D) have opposite PtMn/FM 

deposition orders, in which I will call the former as the “standard” order (SO) while the 

latter as the “reverse” order (RO) for convenience. The reason we utilized these two 

stack orders was because previous experiments indicate that stack order may affect the 

strength of the measured spin torques [73].  
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(a) 

(b) (c) 

Figure 3.1: ST-FMR measurements on the IPM PtMn/FM samples. (a) Schematic of 

ST-FMR measurement. (b) The inverse of the ST-FMR measured spin torque efficiency, 

1/ FMR  , as a function of the inverse of the effective thickness for the Co series (A) 

samples (red squares). Inset: FMR as a function of eff

Cot   for series (B) samples (blue 

squares). (c) 1/ FMR as a function of eff

FeCoB1/ t  for the series (C) (red squares) and series 

(D) (blue squares) samples. Figure reproduced from Ou et al. [104]. 
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As can be seen in Fig. 3.1(b), the obvious tCo
 dependence in FMR  indicates a 

nonnegligible FL torque in the SO PtMn/Co samples (see Eq. (2.23), Chapter 2). By 

fitting 1/ FMR  versus 1/ tCo
 using Eq. (2.23), the DL spin torque efficiency DL  can be 

determined from the 1/ tCo
= 0 intercept and the FL spin torque efficiency FL  can be 

determined from the slope of the plot, when FL  is effectively independent of tCo
. For 

the RO Co/PtMn samples, FMR  shows little tCo
 dependence, indicating FL  is 

negligible and FMR DL   (Fig. 1b inset). From this we obtain 0.16 0.01DL =   and 

0.040 0.008FL = −   for the SO samples and (average) 0.19 0.02DL =   and 0FL  

for the RO samples (according to the sign convention we have, the positive sign for DL  

corresponds to the same sign of the anti-damping torque as for Pt, while the minus sign 

for FL  indicates that the FL effective field is opposite to the Oersted field). 

In order to test whether the spin torque in the PtMn/FM bilayer depends on the 

type of FM, we performed the same ST-FMR measurements on series (C) and (D) by 

replacing the Co with Fe60Co20B20 (FeCoB) for the FM layer in the PtMn/FM structures.  

Figure 3.1(c) shows 1/ FMR  vs. eff

FeCoB1/ t  as obtained for these two series of samples (C) 

and (D). From the linear fits to the plots we obtained 0.096 0.003DL =  , 

0.043 0.003FL = − 
 
 for the SO series (C) samples and 0.174 0.004DL =  , 

0.036 0.002FL = −   for the RO series (D) samples.  

The different DL torque efficiencies for SO and RO samples, and that between 

Co and FeCoB as the FM material, may be related to difference in the strength of SML 
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at the PtMn/FM interface. In order to attain more insight into the interface/SML in these 

PtMn/FM samples, we measured their enhanced damping constant 
1( )FMt −  via the ST-

FMR measurements and evaluated the spin mixing conductance with Eq. 2.16. The 

1( )FMt −  in all four series yielded the effective spin mixing conductance

15 1 -2

eff 0.7 10 mG −    [104]. With the spin conductance of PtMn, 

15 1 2

PtMn 0.37 10 mG − −=    , as determined from the resistivity and spin diffusion length 

measurements, this effG  results in an unphysical (negative) value for G , suggesting 

that there should be a significant SML at the PtMn/FM interface and/or a non-ideal 

damping enhancement at the other FM interface. 

 

3.2.3 SOT measurements via HR technique for the PM samples 

 As an independent measurement, we also fabricated the series (E) samples with 

SO and measured the SOT via the HR technique on a specific thickness of the FeCoB 

( FeCoB 0.8nmt  ) that has the highest out-of-plane anisotropy field ( 1.8kOeanH  ) in 

this sample series without any post-fabrication annealing treatment. Using the 

measurement protocol of Ref. [48,49] on Hall-bar samples, we determined for this 

sample a DL spin torque efficiency 0.11 0.02DL =   and a FL spin torque efficiency 

0.04 0.02FL = −  , which is in accord with the ST-FMR values obtained via ST-FMR 

from the IPM series (C) samples with the same layer structure but thicker FeCoB. 

 In order to reduce the potential SML at the PtMn/FM that is detrimental to the 

spin transport without sacrificing too much spin current, we fabricated the sample (F) 
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that has a very thin Hf spacer (0.25nm) between the PtMn(8nm) and FeCoB(0.8nm). 

The ultrathin Hf may help to enhance the spin transmission and thus DL . This sample 

also exhibits perpendicular magnetic anisotropy (i.e. magnetized out-of-plane) without 

any post-fabrication annealing. The HR measurement results in a high DL spin torque 

efficiency 0.24 0.03DL =   in this sample, indicating that the spin transparency can 

indeed be improved by engineering the interface. Since the spin transparency is always 

less than unity, the result here indicates that the internal spin Hall ratio of the PtMn is 

PtMn

SH > 0.24. 

 

3.2.4 Spin diffusion length measurements 

 In addition to the SOT, spin diffusion length is also an important material 

parameter that governs the spin transport process. In order to determine the spin length 

( PtMn

s ) in our PtMn alloy, we fabricated a set of samples, series (G), with the multilayer 

stack being ||Ta(1)/PtMn( PtMnt )/Hf(0.8)/FeCoB(0.7)/MgO, where PtMnt  ranged from 2 

to 8 nm, to measurement the DL effective field as a function of PtMnt  via the HR 

technique. The result is shown in Fig. 3.2 (a). 
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As there is little spin current from the Hf spacer that was determined from our 

previous research (see Chapter 2), we can use a trilayer spin diffusion model evaluate 

the DL effective field per electrical field [104]: 

              PtMn

PtMneff PtMn

PtMn PtMn

(1 sech( / ))
4 tanh( / )

FM

SHDL A
s

s s B

H G
t

E M t G t G




 


= −

+
         (3.1)              

where 4 sM is the magnetization, eff

FMt  is the effective thickness of the FM layer 

excluding the dead layer and 
PtMnd is the thickness of the PtMn, SH  is the spin Hall 

conductivity of PtMn ( PtMn

PtMn / (2 )SH SH e  = ), 
PtMn

PtMn PtMn / sG    is the spin 

(a) (b) 

Figure 3.2: Spin diffusion length and resistivity measurements of PtMn. (a) Damping-

like effective field per unit applied electric field for the series (G) samples as a function 

of PtMn thickness PtMnt . (b) Average resistivity of different thicknesses
 
of PtMn. The 

dash line is a fit of the empirical function 0 PtMn/s t +    to the data, where 0  and s  

are represent the bulk and interfacial scattering contributions to the resistivity. Figure 

reproduced from Ou et al. [104]. 
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conductance of PtMn and AG  and BG  are parameters depending on the Hf spacer and 

spin mixing conductance at the Hf/FeCoB interface. 

 Figure 3.2(a) shows a fit to the series (G) results with Eq. (3.1), which gives a 

spin diffusion length of PtMn PtMn 2.1nm = . This result is considerably larger than the 

value 0.5 nm previously reported [94] from inverse spin Hall effect measurements on 

NiFe/PtMn. This may be due to the significant SML at the NiFe/PtMn interface that 

affect the estimation of s  in an ISHE measurements as in the the Co/Pt case [18]. The 

lower DL spin torque efficiency that we find without the Hf layer, which is similar to 

that found in the previous ISHE study [8], suggests that there also could be a significant 

SML in those PtMn/FM cases, perhaps due to reaction of a component of the FM with 

Mn at the PtMn/FM interface.  

Notice that by using Eq. (3.1), we assume that the spin diffusion length is 

independent of tPtMn
. If however the spin relaxation process in PtMn satisfies the Elliot-

Yafet scattering mechanism, one would expect PtMn

PtMn1/s   when the PtMn 

resistivity 
PtMn  aslo varies with film thickness. In order to test this, we measured 

PtMn  

as a function of 
  
t

PtMn
,  as shown in Figure 3.2(b). It clearly shows that 

PtMn  is not a 

constant and it is dependent of tPtMn
. In this case, we can use a “rescaling” method 

introduced in Ref.[27] to fit our data in Fig. 3.2(a), which yields 
PtMn 2.3nms = for the 

bulk spin diffusion length [104], and also a spin conductance for PtMn 

PtMn 15 1 2

PtMn PtMn1/ ( ) 0.37 10 msG   − −= =   . 
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3.2.5 Current-induced magnetization switching  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

(c) (d) 

Figure 3.3: Current-induced magnetization switching using the SOT from PtMn. (a) 

Schematic of the Hall-bar samples used to study field- and current-induced switching. 

(b) Magnetic field switching of a series (H) sample with the field perpendicular to the 

sample plane. (c) Current-induced switching of the same sample with an external 

magnetic field (200 Oe) applied in-plane along the current direction. (d) Phase diagram 

of the current-induced switching behavior. Figure reproduced from Ou et al. [104]. 
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One of the key goals in the research of SOT is to realize efficient current-induced 

switching using the SOT. After we determined the large spin torque efficiency from the 

PtMn, we demonstrated the potential of using it as the source of spin-transfer torque for 

high-efficiency magnetic switching by performing current-induced switching with a 

Hall bar structure (schematic in Fig. 3.3(a)) using an as-deposited 

||Ta(1)/PtMn(4)/Hf(0.5)/FeCoB(0.8)/MgO/Ta(1.5) sample (H) that possessed strong 

PMA, and that exhibited sharp and abrupt magnetic switching in its anomalous Hall 

signal under an out of plane field as shown in Fig. 3.3(b). (Notice that this sample had 

0.10DL   based on HR measurements, consistent with the spin attenuation effect of 

the thicker Hf layer and the reduced spin current from the thinner (4nm) than optimal 

PtMn.)  

A typical deterministic current switching loop, read out from the anomalous Hall 

resistance, is shown in Fig. 3.3(c) with an external field 200 OeyH =  collinear to the 

current flow. This external field was required to overcome the Dzyaloshinskii-Moriya 

interaction (DMI) at the Hf/FeCoB interface and a magnetization reversal process that 

proceeds by domain nucleation followed by spin-torque-driven domain expansion [79]. 

By repeating the current-induced switching experiments under different external fields, 

we were able to determine the spin-torque current switching phase diagram of the same 

sample (here 2 mA corresponds to a current density 6 29 10 A/cm  in PtMn) as 

illustrated in Fig. 3.3 (d). Our studies here thereby not only highlight the large SHE in 

PtMn but also successfully demonstrate its potential as an efficient spin source for spin-

torque-assisted magnetization manipulation in spintronics applications. 
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3.3 Strong enhancement of the spin Hall effect by spin fluctuations near the Curie 

point of FexPt1-x alloys 

 As mentioned in the beginning of this chapter, most of the research about SOT 

so far have focused on the non-magnetic transition metals. Some reports indicate that 

even in a ferromagnet with its internal magnetization, a sizable SHE can still be 

observed. However, until now little has been known about the behavior of the SHE in a 

ferromagnetic system near its transition temperature (i.e. the Curie temperature) where 

there are strong spin fluctuations, especially when there are introduced dopants serving 

as the scattering centers that can be described by the extrinsic SHE mechanism.  

By alloying the element Pt which has a strong spin-orbit interaction with 

ferromagnetic Fe atoms, the resulted FexPt1-x alloys belong to a class of ferromagnetic 

alloys that have long been known to exhibit giant magnetic moments per ferromagnetic 

solute, and where the Curie temperature can be tuned by the concentration of Fe. The 

FexPt1-x alloys are also well known for their robust magnetic anisotropy properties 

arising from the strong conduction electron spin-orbit interaction with the Fe orbital 

moment [106,107], and for the dependence of the magnetic state on the chemical 

order [108,109], in addition to their other interesting magnetic properties such as the 

large anomalous Hall effects (AHE) in FexPt1-x thin films [110–112]. These features of 

FexPt1-x suggest that it could be a promising material for the generation of spin currents 

by the extrinsic SHE. In the following sections I will introduce our study on the 

enhancement of the SHE and interfacial spin mixing conductance near the Curie 

temperature of FexPt1-x alloys [113]. 
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3.3.1 Sample fabrication and characterization 

 

 

 

 

Figure 3.4: Sample characterizations and anomalous Hall measurements of the FePt 

alloys. (a) XRD measurements on the samples: IrMn3(10)/F0.50Pt0.50(10)/MgO, 

IrMn3(10)/Fe0.25Pt0.75(10)/MgO and IrMn3(10)/Fe0.15Pt0.85(10)/MgO, and two control 

samples: IrMn3(10)/Pt(1)/MgO and IrMn3(10)/Pt(8)/MgO. (b) Temperature dependent 

VSM measurements on the samples IrMn3(10)/Fe0.25Pt0.75(10)/MgO and 

IrMn3(10)/Fe0.15Pt0.85(10)/MgO. The dashed lines are fits to the empirical equation

( ) (0) (1 ( / ) )s s cM T M T T  =  − . (c) Temperature dependence of the anomalous Hall angle 

of the samples IrMn3(10)/Fe0.15Pt0.85(10)/MgO (main) and 

IrMn3(10)/Fe0.25Pt0.75(10)/MgO (inset). (d) Schematic of the Hall bar device. Figure 

reproduced from Ou et al. [113]. 
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 Two different sets of FexPt1-x thin films consisting of different Fe concentrations 

were fabricated at room temperature via DC magnetron sputtering: in one case the 

nominal composition was Fe0.15Pt0.85 and in the other Fe0.25Pt0.75. All samples were 

prepared in a deposition chamber with a base pressure . The dc sputtering 

condition was 2mTorr Ar pressure. The FexPt1-x alloy was grown by co-sputtering from 

two pure sputtering targets (i.e. Fe and Pt targets). Heterostructures of 

substrate/Ta/IrMn/FexPt1-x/MgO/Ta were used for thin film characterization and 

substrate/Ta/IrMn/FexPt1-x/Hf/FeCoB/Hf/MgO/Ta stacks were used for the SOT 

measurements. After fabrication, these samples were then annealed in an in-plane 

magnetic field (2000 Oe) in a vacuum furnace at 300C for 1 h to enhance the PMA. For 

measurements of the AHE and SOT, Hall bar devices with lateral dimensions of 

 were patterned via photolithography and ion milling (see the sample 

schematic in Fig. 3.4(d)).   

 I first performed sample characterization via x-ray diffraction (XRD) 

measurements on two multilayer samples with the layer structures: 

IrMn3(10)/Fe0.15Pt0.85(10)/MgO and IrMn3(10)/Fe0.25Pt0.75(10)/MgO (the number in 

parentheses is the thickness in nanometers), where the IrMn3 layer was included to 

provide antiferromagnetic pinning of the FexPt1-x layers when cooled to well below their 

Curie points. The 10nm FexPt1-x layers are thick enough that in the experiments to be 

considered below the IrMn3 does not contribute any significant SOT on the free 

magnetic layer [113]. The (111) XRD peaks for the Fe0.15Pt0.85 and the Fe0.25 Pt0.75 

samples are shown in Fig. 3.4(b), together with the separate 10 nm Pt, Fe0.50Pt0.50 and 

85 10 Torr− 

25 60 μm
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IrMn films for comparison. As the Fe concentration increases, the reasonably narrow 

(111) peak shifts to higher  angle, indicating a decrease in the unit cell size with 

increased Fe content. The lack of evidence of a (110) peak in the XRD of these samples 

whose presence would indicate significant chemical order [114] (The small peak at 

2 41o   in Fig.1a is due to the IrMn3 base layer) is as expected from the use of room 

temperature deposition. Resistivity measurements of the films showed only a weak 

temperature dependence, decreasing by less than 10% from room temperature to 160 K, 

indicating the dominance of impurity scattering. On the other hand, the room 

temperature resistivity of the films did vary with Fe content, from Pt (10) 15 cm    

to 
0.15 0.85Fe Pt (10) 55 cm    to 

0.25 0.75Fe Pt (10) 75 cm   , indicating an increased 

electron scattering rate with increased Fe content.  

To further characterize the ferromagnetic character of these alloys, I performed 

temperature-dependent VSM measurements of the samples (Fig. 3.4(b)). At sufficiently 

low temperature, both Fe0.15Pt0.85 and Fe0.25Pt0.75 were found to be ferromagnetic, and 

the spontaneous magnetization
 

 can be fitted to the empirical function 

( ) (0) (1 ( / ) )s s cM T M T T  =  −  [115], yielding a Curie temperature of 174cT K
 
for the 

Fe0.15Pt0.85 sample and 288cT K  for the Fe0.25Pt0.75 sample.   

 I also determined the AHE in these alloys. In Fig. 3.4(c) I show the temperature 

dependence of the “anomalous Hall angle”  /xy xx =
 
of the Fe0.15Pt0.85(10) and 

Fe0.25Pt0.75(10) samples as measured in a magnetic field Hz = 2 kOe applied 

perpendicular to the plane of the film. (Here  is the resistivity in the direction of 

2

  
M

s
(T )

xx
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current flow and  is the transverse Hall resistivity). As can be seen in the 

Fe0.15Pt0.85(10) sample, there is a significant AHE at high temperature that increases 

gradually as the temperature is decreased toward  and even more as T decreases 

below Tc, qualitatively as would be expected for the case of strong skew scattering from 

the Fe ions. In the inset of Fig. 3.4(c), a similar temperature dependence trend for the 

Fe0.25Pt0.75(10) sample below its Curie temperature is shown. 

 

3.3.2 SOT measurements on FePt/Hf/FeCoB heterostructures  

 In order to quantify the SOT from the SHE in FePt, I fabricated two sets of FePt-

based multilayer samples with perpendicular magnetized FeCoB layers:  

IrMn3(10)/Fe0.15Pt0.85(10)/Hf(1)/FeCoB(1)/Hf(0.35)/MgO (A),  

and IrMn3(10)/Fe0.25Pt0.75(10)/Hf(0.8)/FeCoB(1)/Hf(0.35)/MgO (B), 

and measured the SOT via the HR technique introduced earlier. The very thin (0.35nm) 

Hf insertion layer between the FeCoB and the MgO enhanced the interfacial magnetic 

anisotropy energy density (and thus the PMA strength, see Chapter 4 for more 

information). 

 I first measured the response of the anomalous Hall resistance of one of the 

Fe0.15Pt0.85 heterostructure Hall bars (sample A) to an applied out-of-plane field Hz at 

different temperatures between 300 K and 140 K, as shown in Fig. 3.5. The sharp field-

induced switching events, with an increasing coercivity upon decreasing temperature, 

are from the PMA FeCoB layer. When the temperature is lower than the Curie 

rxy

 200K
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temperature of Fe0.15Pt0.85 there is also a quasi-linear background, which is much larger 

than the ordinary Hall effect and instead is due to the AHE of the in-plane magnetized 

FePt layer. The AHE resistance for sample (B) is similar [116].  

 In Fig. 3.5(b) I show the temperature dependences of the DL effective fields for 

both sample (A) and sample (B) as measured from the HR technique, plotted as a 

function of T/Tc, where Tc are determined from the fits to the magnetization of the 

samples (Fig. 3.4(b)). The measurement for sample (A) (Fe0.15Pt0.85) is from room 

temperature 293 K to T = 160 K, and for sample (B) (Fe0.25Pt0.75) from 330 to 275 K. 

For sample (A) for which we have measurements starting around 100 degrees above Tc, 

Figure 3.5: Hall and harmonic response measurements of the FePt/Hf/FeCoB 

heterostructures. (a) Temperature-dependent AHE resistance of sample (A) Fe0.15Pt0.85. 

(b) Dampinglike effective fields of sample (A) Fe0.15Pt0.85 and (B) Fe0.25Pt0.75 as a 

function of normalized temperature . Their temperature dependent magnetizations 

are also plotted here for comparison. Figure reproduced from Ou et al. [113]. 

 

/ cT T
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we see that the DL effective field per current density  is more or less 

constant until T/Tc ≈ 1.44 (250 K). Below that it begins to increase, at first gradually, 

then very rapidly reaching a peak near Tc (172K) more than 3 times its 293 K value. 

This significant temperature-dependent behavior is dramatically different from that of 

the DL torque found with conventional heavy metal systems [80,88]. Below Tc, the DL 

effective field drops rapidly. As can be seen in Fig. 3.5(b), the behavior of sample (B) 

over the same scaled temperature range above and below Tc, is quite similar. This 

similarity, despite the 35% difference in resistivity, and 67% difference in Fe 

concentration between sample (A) and (B), is consistent with skew scattering being the 

dominant spin Hall effect in these materials. 

 

3.3.3 Spin mixing conductance and spin diffusion length measurements 

 In addition to the SOT, the spin mixing conductance and spin diffusion length 

are two other important physical parameters that are relevant to the spin transport 

process. In order to measure the spin mixing conductance, I fabricated a 

Fe0.25Pt0.75(10)/Hf(0.25)/FeCoB(7.3)/MgO sample and measured its enhanced magnetic 

damping 0( )FMt    −  , where 0  is the intrinsic Gilbert damping constant, via the 

resonant linewidth measurements made by flip-chip field-modulated FMR. The 

enhanced magnetic damping can be related to the effective spin mixing conductance via 

 (Eq. 2.16). I observed a somewhat similar peak in magnetic 

damping of the FeCoB layer in our samples as they were cooled through the Tc of the 

  
DH

DL
/ DJ

e
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FePt. As shown in Fig. 3.6(a), 
ffeg  increases rapidly as T moves below Tc, and then 

drops abruptly by more than a factor of three to a value ( ) much closer to that 

expected for a typical FM/Pt interface [73]. The temperature-dependent behavior 

observed here is distinctly different from the temperature-insensitive 
ffeg  in 

Pt/ferromagnet bilayer systems [117].  

  

 

 

As for the spin diffusion length in FePt, we measured  by fabricating a series 

of PMA samples without the IrMn layer 

Fe0.25Pt0.75(tFePt)/Hf(0.8)/FeCoB(1)/Hf(0.35)/MgO/Ta(1) where the thickness tFePt of the 

FePt alloy was varied from 2 to 10 nm.  The measured damping-like effective fields as 

-230nm

s

Figure 3.6: Spin mixing conductance and spin diffusion length measurements. (a) The 

effective spin mixing conductance of an in-plane magnetized 

Fe0.25Pt0.75(10)/Hf(0.25)/FeCoB(7.3) sample  as determined by a flip-chip FMR 

measurement of the damping parameter for the FeCoB resonance. The temperature 

dependence of the DL effective field of sample (B) is also plotted here for comparison. (b) 

Spin diffusion length measurement of the samples Fe0.25Pt0.75(t)/Hf(0.8)/FeCoB(1). Figure 

reproduced from Ou et al. [113]. 
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a function of tFePt for these samples are plotted in Fig. 3.6(b) for two different 

temperatures 293 and 330 K, i.e. in the near vicinity of Tc and somewhat above it. The 

solid lines are a fit of the function   [65] 

to the data. The results at the two temperatures are quite similar, with s  1.5 nm. 

 

3.3.4 Current-induced magnetization switching 

 

 

 

 

I further confirm the strength of the SHE in the FePt alloys with current-induced 

switching measurements. In Fig. 3.7 I show the switching behavior of sample (B) as 

measured at , in close vicinity to Tc. The direction of current-induced switching 

is reversed upon changing the sign of a small in-plane applied magnetic field, in a way 

DHDL(tFePt ) / DJe = (DHDL(¥) / DJ)(1- sech(tFePt / ls )

293K

Figure 3.7: Current-induced magnetization switching of sample (B) 

IrMn3(10)/Fe0.25Pt0.75(10)/Hf(0.8)/FeCoB(1)/Hf(0.35)/MgO at room temperature under 

an external magnetic field along the current direction. Figure reproduced from Ou et al. 

[113]. 
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that is characteristic of DL torque SHE switching [118]. The switching current density 

for this case was . 

 

3.3.5 Enhancement of the SHE and spin mixing conductance due to spin 

fluctuations 

 Our experimental results above indicate that the enhancement of the SHE and 

spin mixing conductance, both of which reach their peak values in the vicinity of the 

Curie temperature of the FePt alloys, are closely related to the strong spin fluctuations 

that occur in this system near Tc. These interesting phenomena may be understood via 

the comparison to the AHE. More than half a century ago Kondo [119] developed a 

theorical model for the scattering of conduction electrons by localized orbital moments 

to explain an anomaly in the magnetoresistance and AHE of ferromagnetic Ni and Fe 

near their Curie points [120]. In the AHE case, Kondo attributed the anomaly to 

increasingly stronger spin fluctuations as  from below. This sheds light on our 

SHE results here since AHE and SHE are generally considered to have very similar 

mechanisms (see Chapter 1). Recently Gu et al. [121] extended Kondo’s theory to 

explain results by Wei et al. [103] on inverse spin Hall effect (ISHE) measurements of 

NiPd alloys near their Tc, including the effect of correlations between neighboring 

localized moments. We surmise that spin fluctuations are also the origin of the strong 

peak in the SOT torque (spin current) that we observe with the FePt alloys. 

 If spin fluctuations are indeed the origin of the enhanced SHE in the FePt alloys 

near Tc, then it is predicted [122] that there should also be an enhancement of the 

6 26 10 A/cm 

T ®Tc
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effective interfacial spin-mixing conductance
ffeg  between the FeCoB and FePt alloy in 

the vicinity of the latter’s Curie point. This is indeed what we observed in the enhanced 

magnetic damping experiments as discussed in the previous section. Interesting, similar 

enhancement of the magnetic damping near the Neel temperature of antiferromagnet 

spin sinks by inverse spin Hall measurements [123] and spin pumping [124] have been 

reported recently, which are also attributed to the spin fluctuation near the transition 

temperatures in those systems. 
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CHAPTER 4 

MANIPULATION OF THE INTERFACIAL PERPENDICULAR MAGNETIC 

ANISOTROPY ENERGY AT THE FERROMAGNET/OXIDE INTERFACE 

 

4.1 Introduction 

 The results and discussions from the previous chapters have indicated the 

importance of the (NM/FM/oxide insulator) thin film heterostructure (illustrated in Fig. 

1.1) as a material platform for the study of SOT related phenomena. So far, all those 

discussions have been focused on how critical the interfaces are during the spin transport 

process (chapter 2) and how to generate strong spin current from new SHE material 

systems (chapter 3). With regard to the magnetization dynamics in a given system under 

the SOT, the properties of the FM also play an important role. I have mentioned the 

enhanced magnetic damping of the FM as a directly relevant material parameters in the 

process of the spin transport and spin dynamics. Another property is the effective 

magnetization (or demagnetization field) of the FM, which is related to the 

perpendicular magnetic anisotropy (PMA) of the FM layer [125]. 

 Among all kinds of the magnetic anisotropy, the shape anisotropy of the FM is 

one of the simplest, which depends on the shape of the FM material and it is a natural 

result of the magnetic dipolar energy [125]. Specifically speaking for a thin FM layer 

with in-plane magnetization, the magnetic dipolar energy density can be calculated 

as [125,126]: 
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                                                         20
demag

2
zE M


= −                                                  (4.1) 

which is also referred to as the demagnetization energy. The minus sign on the right-

hand side of Eq. (4.1) follows the convention that a negative magnetic energy means 

the magnetization is in-plane (while a positive one indicates the magnetization is 

perpendicular to the plane). The direct conclusion from the Eq. (4.1) is that for a thin 

film system, the magnetization will always tend to stay in-plane if there is no another 

magnetic anisotropy contribution. 

 However, there can be other magnetic anisotropy contributions from both the 

bulk and the interface(surface) of the FM layer. If vK  is the bulk anisotropy energy 

density and sK  is the interfacial anisotropy energy density, then for the thin film FM, 

the total effective magnetic anisotropy energy density effK  can be written as [126]: 

                                                 20
eff

2

s
v s

FM

K
K K M

t

 
= − + 
 

                                        (4.2) 

From Eq. (4.2) it is easy to see that if vK  and/or sK  is positive and large enough to 

compensate the demagnetization energy, the total energy density effK  can be a positive 

value and thereby the magnetization can have out-of-plane configuration. While the 

bulk anisotropy contribution can be from the crystalline or magneto-elastic effects [125], 

the interfacial anisotropy energy is usually related to the spin-orbit interaction between 

the FM and the adjacent layers [126]. 



 

82 

 

 The observation of strong interfacial PMA at the FeCoB/MgO interface in 

Ta/FeCoB/MgO heterostructure [127] has opened up a new avenue for perpendicular 

magnetic tunneling junction (p-MTJ) applications [128] (see Fig. 4.1), as high TMR and 

robust PMA can be achieved in the same material system with proper post-fabrication 

annealing treatments. In this FeCoB/MgO system, the interfacial PMA originates from 

the spin-orbit interaction in the hybridized 3d Fe-2p O bonding, as pointed out by first 

principle calculations [91,129], although experiments indicates that the buffer layer 

under FeCoB is important for the formation of PMA as well [128,130]. 

 

 

 

 

 The realization of the robust PMA in FeCoB/MgO systems also provide a 

platform to manipulate domain walls in perpendicularly magnetized nanowire structures 

and drive novel magnetic chiral structures such as skyrmions via SOT [77,78,131,132]. 

Figure 4.1: Schematic and current-induced magnetization switching of a 

FeCoB/MgO/FeCoB perpendicular MTJ. Figures reproduced from Ikeda et al. [127]. 
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Moreover, even for in-plane magnetized MTJs, by lowering the effective magnetization 

of the FM layer via the interfacial PMA effect may be beneficial for a more efficient 

SOT-assisted magnetization switching of the nanopillar structures (see chapter 5 for 

more discussion). In the following sections, I will introduce our experimental studies on 

the manipulation of the interfacial PMA energy at the FeCoB/MgO interface by 

inserting an ultrathin layer with other materials between the FeCoB and MgO. This 

material “dusting” technique can yield strong PMA without any post-fabrication 

annealing treatment that compromise the layers in the magnetic heterostructure due to 

materials intermixing or diffusion at the interface, while at the same time maintaining 

excellent thermal stability (PMA can be further enhanced by annealing to at least 

o400 C ). I will also show that this dusting technique can result in PMA in system with 

FM materials in addition to FeCoB, indicating its great potential for engineering 

magnetic thin film heterostructures for spintronics research and applications.   

 

 

4.2 Strong perpendicular magnetic anisotropy energy density at Fe alloy/HfO2 

interfaces 

 In this section, I will discuss our results on controlling the PMA at the Fe 

alloy/MgO interfaces by depositing one to two atomic layers of Hf onto the Fe alloy 

before the subsequent rf sputter deposition of the MgO layer, which oxidized the 

ultrathin Hf into HfO2. This HfO2 insertion generates a strong interfacial PMA energy 

density both with and without any post-fabrication annealing treatment [133]. 
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4.2.1 Sample growth and x-ray photoelectron spectroscopy characterizations 

In this research all the samples were prepared via DC sputtering (with RF 

magnetron sputtering for the MgO layer), with a base pressure 84 10 Torr−  . Similar 

to our other research, the sputtering condition was 2mTorr Ar pressure, 30 watts power. 

In order to form the interfacial HfO2, I firstly deposited an ultrathin Hf dusting layer 

(<0.5nm) on the FM layer (e.g. FeCoB) with a low deposition rate of 0.01nm/s . Next 

a MgO layer was subsequently sputtered on the Hf layer with a growth rate of 

0.005 nm/s  (at 100 watts power, 2 mTorr Ar), a process that oxidized the Hf. I also used 

a thin top Ta film as a capping layer to protect the underlayers from degradation due to 

atmospheric exposure. Unpatterned films were used for x-ray photoelectron 

spectroscopy (XPS) and VSM characterizations. Then the thin film heterostructures 

were fabricated into 25 60 μm  Hall bars for anomalous Hall measurements. All the 

samples were baked at 115 C  for 1 min twice during the standard photolithography 

fabrication for photoresist treatment. Both as-deposited and annealing samples were 

prepared, in which we annealed the samples to various temperatures in a vacuum 

furnace. 

I firstly characterized our samples by performing the XPS experiments to 

determine the oxidation level in the FeCoB/HfO2/MgO dusting structure, since the 

complete oxidation of the insulator at the Fe alloy/oxide interface is believed to be 

critical for the formation of PMA in HM/Fe alloy/oxide heterostructures  [91]. The XPS 

experiments are performed on three sets of as-deposited samples: (A) 

Si/SiO2/Ta(6)/FeCoB( FeCoBt )/HfO2( Hft )/MgO(2)/Ta(1) with a range of HfO2  
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thicknesses, and two control series with different dusting layers, (B) 

Si/SiO2/Ta(6)/FeCoB( FeCoBt )/TaOx( Tat )/MgO(2)/Ta(1) with a Ta dusting layer, and (C) 

Si/SiO2/Ta(6)/FeCoB( FeCoBt )/MgO(2)/Ta(1) without any dusting layer  (the numbers in 

parentheses are the thicknesses in nm). Ion etching was used to remove most of the Ta 

capping layer before performing XPS. As shown in Fig. 4.2(a), the HfO2 4f7/2 and 4f5/2 

peaks can be clearly observed at 17.1 eV and 18.8 eV in the XPS spectra. There is also 

a very small sub-oxide peak at ~ 16.0 eV and but there is no evidence for the Hf metallic 

4f7/2 peak at 14.3 eV, which indicates that the Hf became fully oxidized during the 

deposition of MgO.  

Figure 4.2: XPS spectra from (a) HfO2 4f and (b) Fe 2p spectral regions for the as-

grown samples Ta(6)/FeCoB(1.2)/HfO2(0.2)/MgO/Ta(1) and 

Ta(6)/FeCoB(1.3)/MgO/Ta(1). Figures reproduced from Ou et al. [133]. 
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To achieve strong PMA, the HfO2 layer should be able to provide optimized 

interfacial Fe-O bonds at the FeCoB/HfO2 interface, which suggests that the Fe alloy 

should not be overly oxidized beyond the Fe-O bonds [91]. Fig. 4.2(b) shows for the 

sample (A) the XPS 2p3/2 peak of Fe at 706.0 eV, which can be well fit with the narrow 

asymmetric spin-split peak function characteristic of metallic Fe [134]. Compared to 

sample (A), the Fe 2p3/2 peak in sample (C) without the Hf dusting layer is much broader 

with a high energy tail indicative of substantial oxidation of the surface Fe during the 

direct deposition of MgO by rf sputtering [135] (Fig. 4.2(b)). I also examined the Fe 

XPS signal for a series (B) sample with Ta as the dusting layer (0.3 nm). It yielded a 

metallic signal indistinguishable from the Hf case, again indicating protection of the 

ferromagnetic surface from significant oxidation from the Ta dusting layer. However as 

can be seen in the following section, the magnetic characteristics of the Hf and Ta 

dusting heterostructures are quite different. 

 

4.2.2 PMA enhancement duet to Hf dusting in Ta based heterostructures 

I characterized the magnetic properties of these sample via VSM measurements. 

The magnetic moment per area as a function of FeCoBt
 
for a set of series A samples (Hf 

dusting) and also for series B samples (Ta dusting), as measured by VSM, is shown in 

Fig. 4.3(a). The linear fit to the Hf dusting series (A) gives a saturation magnetization 

of 
  
M

s
= 1260 emu/cm3

 and a very small apparent “dead layer” thickness 0.1 nmdt  , 

both consistent with previously reported results from as-deposited  
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Figure 4.3: Enhanced PMA in Ta based heterostructure with Hf dusting. (a) VSM 

measurements of magnetization, (b) effective anisotropy energy density effK  

determined from anomalous Hall measurements as a function of in-plane magnetic field, 

and (c) anomalous Hall measurements as a function of out-of-plane magnetic field, for 

the as-grown samples Ta(6)/FeCoB( FeCoBt )/HfO2(0.2)/MgO/Ta and 

Ta(6)/FeCoB( FeCoBt )/TaOx(0.2)/MgO/Ta. The solid and dashed straight lines are linear 

fits to the data. (d) The perpendicular anisotropy fields of 

Ta(6)/FeCoB(0.8)/HfO2( Hft )/MgO/Ta samples as deposited and after different post-

fabrication annealing treatments. Figures reproduced from Ou et al. [133]. 



 

88 

 

Ta/FeCoB/MgO structures [88,127,136]. In contrast, the series (B) samples with the Ta 

dusting indicate 0.8nmdt   and a much larger 
  
M

s
= 1800 emu/cm3

. These results are 

comparable to some previous studies of annealed (~ 300 C ) Ta/FeCoB/MgO samples 

where the dead layer [137] has been attributed to undesirable diffusion of Ta into the 

FeCoB, perhaps to the ferromagnet/oxide interface [138]. Therefore, we tentatively 

attribute the thick dead layer in series (B) samples to the intermixing of dusting layer 

and FeCoB during the deposition of the Ta that is absent in the Hf dusting case. To 

avoid this intermixing-induced dead layer may be one of the key factors to achieve 

robust PMA at the FeCoB/MgO interface.  

Another property of using Hf dusting to enhance PMA is that it does not require 

high temperature post-fabrication annealing, while in Ta/FeCoB/MgO structures 

without the Hf dusting, the thin FM layer typically only exhibits a weak PMA in the as-

deposited state [136,137,139]. We obtained robust PMA behavior in as-deposited 

structures with the HfO2 dusting layer, as shown in Fig. 4.3(b) with the plot of the PMA 

energy density eff 0 / 2a sK H M  as a function of the effective thickness 

eff

FeCoB FeCoB dt t t= −  of the FeCoB for the series (A) Ta/FeCoB( FeCoBt )/HfO2(0.2)/MgO 

samples. The perpendicular magnetic anisotropy field H a
 is determined from 

measurement of the anomalous Hall voltage response to an in-plane magnetic 

field [90,104] and I use the values of M s
 determined from the VSM measurements 

discussed above. After rewriting Eq.(4.2) into eff 2 eff0
eff FeCoB FeCoB( )

2
v s sK t K M t K


= − + , I 

can use it to fit the linear part of the plot in Fig. 4.3(b), which gives the interfacial PMA 
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energy density 
21.74 0.09 erg/cmsK =  . For Ta and Hf base layer systems without the 

Hf dusting, comparable anisotropies can be obtained only via high temperature (≥

200 C ) annealing [140,141]. In the inset of Fig. 2(b), I also show the effective PMA 

energy density effK  for the series (B) samples with a 0.2 nm Ta dusting layer. Notice 

that here effK
 
for Ta dusting is an order smaller than for the Hf dusting, which suggests 

that the PMA in the Ta dusting samples is much weaker than the Hf dusting samples. 

Note that the drop off in effK  in the thin region of eff

FeCoBt , as shown in Fig. 4.3(b), may 

be due to the magnetoelasticity effect in the thin film limit [136]. 

The different strength in the PMA for Hf dusting and Ta dusting samples can be 

also compared in the anomalous Hall measurement. For the HfO2 passivated samples 

with strong Ha, their coercive field Hc is relatively high, typically ≥ 300 Oe, in 

comparison to quite low values ( 20 Oe ) for the Ta dusting samples. Examples of the 

field switching that is obtained with an external field applied normal to the film surface 

are provided in Fig. 4.3(c) for a Ta(6)/FeCoB(1.1)/HfO2(0.2)/MgO/Ta(1) and a 

Ta(6)/FeCoB(1.1)/TaOx(0.2)/MgO/Ta(1) sample.   

Our results above show that robust PMA can re archived in Hf dusting samples 

without high temperature annealing process, which may facilitate important 

applications as this could avoid complications such as material diffusion/intermixing 

during high temperature excursions. Previously, high temperature post-fabrication 

annealing treatment has been considered to be necessary to the realization of robust 

PMA in HM/FeCoB/MgO heterostructures. There are generally two important functions 
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of this annealing process: (i) removal of the over-oxidation of the FeCoB surface that 

occurs during MgO deposition [135,142]  and (ii) promotion of the out-diffusion of the 

boron from the initially amorphous FeCoB   [135,140] to obtain a more ordered, 

crystalline  FeCo/MgO interface. The as-deposited Hf dusting results here indicate that 

the first function is the more important, or alternatively that the Fe-O-Hf hybridized 

bonds results in a stronger spin-splitting of the orbitals than do the Fe-O-Mg bonds.  

On the other hand, since many applications of PMA heterostructures do require 

high temperature processing, both for integration with Si circuits and to attain a high 

TMR with MTJs, we also studied how different heat treatments affect the PMA of our 

Ta based HfO2 structures. In Fig. 2(d) I show that after annealing at 210 C  for 1 hour, 

 
H

a
 increases for every HfO2 thickness studied, while the general dependence of 

 
H

a
 

on Hft
 
remains. However, after annealing at 300 C  for 1 hour the PMA strength 

deteriorates, with a much weaker PMA retained only for Hf 0.3 nmt  . This 

deterioration may be again due to the diffusion of Ta from the base layer, since such 

diffusion has been known to damage the interfacial PMA in the Ta based PMA systems 

after high temperature annealing [138,139].  

 

4.2.3 PMA enhancement due to Hf dusting in W based heterostructures 

I also examined whether the Ta in-diffusion problem mentioned in the previous 

section can be avoided by the use of an alternative heavy metal base layer, such as W 

that can have a strong spin Hall effect.  
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Figure. 4.4(a) shows the values of Ha obtained from a set of 

W(4)/FeCoB(0.8)/HfO2( Hft )/MgO(1.6)/Ta samples as a function of 
Hft  for the 

annealing treatment: as-deposited (no annealing), after 1 hour at 300 C , and after 1 

hour at 410 C . I confirmed via resistivity measurements that the W here is in the high 

resistivity beta-W phase. As shown in Fig. 4.4(a), Ha increases with annealing 

temperature, and with 410 C  vacuum annealing we obtained Ha > 1.6 T for a 

sufficiently thick HfO2 dusting layer. When we use a 1 nm Ta seeding layer before the 

deposition of the W layer, it results in the W being smoother and in it also being in the 

Figure 4.4: Enhanced PMA in W based heterostructure with Hf dusting. The 

perpendicular anisotropy fields of (a) beta-W(4)/FeCoB(0.8)/HfO2( Hft )/MgO/Ta and 

(b) Ta/alpha-W(4)/FeCoB(0.8)/HfO2( Hft )/MgO/Ta after different post-fabrication 

annealing treatments. Figures reproduced from Ou et al. [133]. 
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lower resistivity alpha-phase. In Fig. 4.4(b), the relatively high Ha are obtained after 

300 C  annealing of such Ta(1)/W(4)/FeCoB(0.8)/HfO2( Hft )/MgO(1.6)/Ta samples 

for 
Hft  ≥ 0.1 nm, but annealing at 410 C  degrades Ha, particularly for the 

heterostructures with thinner HfO2, which is likely due to in-diffusion of Ta from the 

bottom seeding layer.  

 

4.2.4 Hf dusting induced PMA in NiFe and MgO systems 

So far most of the research on PMA in Fe alloy/MgO systems have been focused 

on the magnetic material of FeCoB, due to its important role in MTJs for the realization 

of a large TMR effect (see chapter 1). Alternatively, with our Hf dusting technique other 

magnetic Fe alloys with attractive properties, such as Ni80Fe20 (Py), could be of possible 

interest and value if samples of sufficiently strong anisotropy can be produced. A 

previous study with Ni80Fe20 has reported that when it is grown on an MgO underlayer, 

PMA can be achieved with proper capping materials,(i.e. with a MgO/Ni80Fe20/capping 

layer structure) [143], although the PMA strength was quite weak in that case. In order 

to demonstrate that the Hf dusting technique can indeed provide a range of opportunities 

in both PMA related material research and applications, I will show below that 

significant PMA can be achieved with a suitable combination of HfO2 and Ni80Fe20, e.g. 

with Ta/ Ni80Fe20/HfO2/MgO and with Ta/Hf(0.5)/Ni80Fe20/HfO2/MgO multilayers. 

In Fig. 4.5(a) we show anomalous Hall measurements as a function of an in-

plane magnetic field for as-deposited Ta based NiFe(~1.5)/HfO2(0.2)/MgO samples  
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with and without the Hf spacer at the Ta/NiFe interface. The parabolic fit to the data 

indicates that Ha for the structure without Hf spacer was 1.1 kOe, while for the sample 

with the 0.5 nm Hf spacer, Ha is doubled to 2.1 kOe, larger than the previous 

results [143]. The stronger PMA in the NiFe sample with an amorphous 0.5 nm Hf 

spacer between the Ta base layer and the NiFe likely results from its role to 

accommodate the crystalline mismatch between the Ta and the NiFe. In particular, the 

coercive field of the Ta/Hf(0.5)/Ni80Fe20(1.5)/HfO2/MgO is around 100 Oe (not shown 

here).  We conclude that the combination of a HfO2 passivation layer at the Fe 

alloy/oxide interface together with a thin Hf spacer layer between the HM and the Fe 

(a) (b) 

Figure 4.5: Hf dusting induced PMA in NiFe and MgO systems. (a) Anomalous Hall 

measurements of the as-grown samples Ta(6)/NiFe(1.4)/HfO2(0.2)/MgO/Ta and 

Ta(6)/Hf(0.5)/NiFe(1.5)/HfO2(0.2)/MgO/Ta as a function of in-plane magnetic field. (d) 

The Ha of MgO(1.6)/FeCoB( FeCoBt )/HfO2(0.3)/MgO(0.8)/Ta samples after different 

post-fabrication annealing treatments. Figures reproduced from Ou et al. [133]. 
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alloy (when needed due to crystalline mismatch between the HM and the Fe alloy) can 

be a robust strategy for engineering the PMA of a range of thin-film magnetic 

heterostructures. 

A recent development in MTJ technology for spin transfer torque applications 

is to include a second, thinner MgO layer on the other side of the FeCoB free layer to 

enhance its PMA strength [144,145]. In this kind of MgO/FeCoB/MgO sandwich 

structure, the enhanced effK of the free layer permits the use of a thicker layer with 

higher thermal stability, and also suppresses the magnetic damping enhancement that 

typically exists in a thin FM layer. To show that our Hf dusting technique can also be 

beneficial in this kind of structure, we examined the PMA modification of by depositing 

multilayer stacks of MgO(1.6)/FeCoB(
FeCoBt  )/HfO2(0.2)/MgO(0.8)/Ta onto oxidized Si 

substrates. Unlike in the case of using heavy metals as the base layers, before annealing 

these samples do not exhibit PMA, which may be attributed to the deleterious effect of 

chemisorbed oxygen on the surface of the sputter deposited MgO after deposition [135]  

that overly oxidizes the lower surface of the subsequently deposited FeCoB. After 

annealing there is strong PMA.  In Fig. 4.5 (b) I show a plot of Ha of such samples as a 

function of tFeCoB.  Quite strong anisotropy fields are obtained to high values of 
FeCoBt , 

particularly for the samples annealed at 370 C . Field modulated FMR studies of such 

a heterostructure with 
FeCoBt  = 1.6 nm yielded a magnetic damping parameter 0.009 = , 

while a Ta/FeCoB(1.6)/MgO(1.6)/Ta sample showed 0.02 = , consistent with earlier 

work [47,127]. Our results here thereby demonstrate that strong PMA and low magnetic 

damping can be realized simultaneously via the Hf dusting technique. 
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4.3 Interfacial engineering in NM/FM/MgO heterostructures using Zr ultrathin 

insertion layers 

 In the previous section, I introduced our results that an ultrathin Hf dusting layer 

between the Fe alloy and MgO layers can provide a robust PMA energy density with 

great high temperature thermal stability. Motivated by this, we are interested into the 

study about whether there are other materials that can have similar material properties, 

which can be used to enhance the PMA strength at the FM/MgO interface similar to the 

ultrathin Hf insertion. We are also interested in utilizing such material  as a potential 

thin spacer between the NM and FM, which may remove the detrimental effects at that 

interface and hence improve the magnetic performance of a device consisting of the 

NM/FM/MgO heterostructure, as has been demonstrated in the PtMn research by 

inserting a thin Hf spacer there [104]. 

 In order to provide a similar PMA enhancement as the Hf dusting, we anticipate 

that the new material should at least have similar heat of formation (also referred as the 

enthalpy of formation) during oxidation, which is the change of the enthalpy from the 

element (e.g Hf) into the corresponding substance (e.g. Hf dioxide). This is because in 

order to protect the FM from overoxidation from the subsequent deposition of MgO, the 

dusting material should have better heat of formation than the MgO so that it can form 

some kind of protecting oxide on top of the FM layer that may provide optimum 

oxidation level there to enhance the PMA energy density (see discussion in the previous 

sections). Zirconium (Zr) is an element in the same column as Hf in the periodic table 

but with lighter atomic mass. Previous reports indicate that Zr has a comparable heat of 
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formation in the form of oxide compared to Hf [146,147], indicating it may be a good 

candidate to enhance the PMA as well. Moreover, due to its lighter mass and potentially 

weaker spin-orbit interaction, Zr as a spacer may have even better performance than Hf. 

In the following sections, I will introduce our experimental study using Zr as both the 

dusting and spacer layer to improve the magnetic properties in the NM/FM/MgO 

heterostructures. 

 

4.3.1 Sample growth and fabrications 

Similar to our previous studies, the samples in this research were all prepared by 

DC sputtering (with RF magnetron sputtering for the MgO layer). The base pressure 

was below 86 10 Torr− , with the sputtering condition of 2mTorr Ar pressure, 30 watts 

power. I sputtered a series NM(either Ta, W or Pt)/Zr/FeCoB(tFeCoB)/Zr/MgO 

heterostructures to test Zr both as a dusting layer between FeCoB and MgO and as a 

spacer between NM and FeCoB. I used a low deposition rate of Zr ( 0.004 nm/s ) to 

form the Zr dusting layer and spacer. On top of the FeCoB/Zr layers, the subsequent 

deposition of the MgO (with a growth rate of 0.005 nm/s  at 100 watts power, 2 mTorr 

Ar) oxidized the Zr due to the higher heat of formation in Zr. A thin top Ta film was 

deposited on MgO for all samples as a protection layer. For the Pt base samples, 1nm 

Ta was also deposited beneath Pt to provide a smoother buffer layer for the growth of 

Pt. VSM measurements were performed to determine the effective FM thickness and 

magnetization. As for the device fabrications, the heterostructures were fabricated into 

25 60 μm  Hall bars for anomalous Hall measurements or 210 20 μm  bars for ST-
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FMR measurements. Standard photolithography steps including baking at 115 C  for 1 

min twice were performed during the fabrication. After device fabrications, I annealed 

some of the samples to different temperatures in a vacuum furnace to compare with the 

as-deposited devices. 

 

4.3.2 PMA enhancement due to Zr dusting in Ta based heterostructures 

 

 

 

 

 

  

 

 

 

Figure 4.6: PMA measurements on the Ta based samples with and without Zr dusting. 

(a) The perpendicular anisotropy field Ha as a function of tFeCoB for two sample 

Ta(6)/FeCoB(tFeCoB)/MgO (open dots) and Ta(6)/FeCoB(tFeCoB)/Zr(0.2)/MgO (solid 

dots) with different annealing treatments. (b) The effective anisotropy energy density 

effK  determined from anomalous Hall measurements as a function of in-plane magnetic 

field for the as-deposited and annealed Ta(6)/FeCoB(tFeCoB)/Zr(0.2)/MgO. 

(a) (b) 

0.6 0.8 1.0 1.2 1.4
0.0

0.3

0.6

0.9

1.2

1.5

H
a
 (

T
)

t
FeCoB

 (nm)

 as-deposited, no Zr

 210C, 1h, no Zr

 300C, 1h, no Zr

 as-deposited, with Zr

 210C, 1h, with Zr

 300C, 1h, with Zr



 

98 

 

I will first discuss the results from Ta based samples. Fig. 4.6(a) shows the 

magnetic perpendicular anisotropy field Ha, as determined from anomalous Hall 

measurements under in-plane field sweep, for two Ta based heterostructures 

Ta(6)/FeCoB(tFeCoB)/MgO (open dots) and Ta(6)/FeCoB(tFeCoB)/Zr(0.2)/MgO (solid 

dots) in the as-deposited state and after different annealing treatments. In all cases, Ha 

in the samples with 0.2nm Zr dusting layer is larger than those without any Zr dusting, 

indicating the interfacial PMA is enhanced with the ultrathin Zr dusting. More 

specifically, the Zr dusting appears to enlarge the FeCoB thickness range that shows 

PMA. In the Ta(6)/FeCoB(tFeCoB)/MgO sample, the PMA is measurable when 

FeCoB0.8nm 1nmt  , while in the Ta(6)/FeCoB(tFeCoB)/Zr(0.2)/MgO, that range is 

enhanced to FeCoB0.8nm 1.4nmt  . Within the same sample set, Ha  is increased upon 

annealing, which may be due to a better passivation at the FeCoB/Zr oxide interface or 

improved FeCoB crystalline interface beneficial from the out-diffusion of boron after 

heat treatments [140]. 

 To further characterize the PMA enhancement in the Zr dusting samples, I 

calculated the effective anisotropy energy density effK  from the determined Ha and 

magnetization Ms in the Ta(6)/FeCoB(tFeCoB)/Zr(0.2)/MgO samples as a function of the 

effective FeCoB thickness, and the results plot in Fig. 4.6(b). With the same equation 

used previously, eff 2 eff0
eff FeCoB FeCoB( )

2
v s sK t K M t K


= − + , the linear fits in Fig. 4.6(b) give 

the interfacial PMA energy density 
20.50 erg/cmsK =  (as-deposited), 



 

99 

 

20.66 erg/cmsK =  (after annealing at 210 C  for 1 h) and 
21.07 erg/cmsK =  (after 

annealing at 300 C  for 1 h) respectively. 

 

4.3.3 PMA enhancement due to Zr dusting in W based heterostructures 

 

 

 

 

 

 

 

 

 

 

 

 In addition to the Ta based samples, we also tested the enhancement of PMA 

with the Zr dusting in beta-W based heterostructures. Figure 4.7(a) shows Ha as a 

function of tFeCoB in the as grown sample W(4)/FeCoB(tFeCoB)/Zr(0.2)/MgO and in those 

after annealing at and above 300 C . The perpendicular anisotropy field is enhanced for 

(b) (a) 
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Figure 4.7: PMA measurements on the W based samples with and without Zr dusting. 

(a) The perpendicular anisotropy field Ha as a function of tFeCoB for the sample 

W(4)/FeCoB(tFeCoB)/Zr(0.2)/MgO with different annealing treatments. (b) The effective 

anisotropy energy density effK  determined from anomalous Hall measurements as a 

function of in-plane magnetic field for the as-deposited and annealed 

W(4)/FeCoB(tFeCoB)/Zr(0.2)/MgO. 
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all annealing temperatures and it is still robust after annealing at 450 C  for 1h. 

Remarkably, Ha is able to reach 1 Tesla upon annealing above 300 C  and is even larger 

with the 450 C  annealing reaching about 1.7 Testa. On the other hand, in the thin tFeCoB 

region, the onset thickness for the downturn of Ha shifts to thicker range as the annealing 

temperature increases, which may be due to the changing in the crystalline structure of 

the FeCoB.  

 To better quantify the PMA strength in these Zr dusting samples, I again 

evaluated the effective anisotropy energy density effK  after various annealing 

treatments in the same samples W(4)/FeCoB(tFeCoB)/Zr(0.2)/MgO as a function of the 

effective tFeCoB, as plotted in Fig. 4.7(b). From the linear fits, I can estimate the 

interfacial PMA energy density 
21.2 erg/cmsK =  (after annealing at 300 C  for 1 h), 

21.6 erg/cmsK =  (after annealing at 335 C  for 1 h) and 
21.7 erg/cmsK =  (after 

annealing at 390 C  for 1 h) respectively. Even after high temperature 390 C annealing, 

the Zr dusting W base sample still persists in having robust PMA. This result confirms 

the good thermal stability of the ultrathin Zr dusting layer and it suggests that the Zr 

dusting, in addition to Hf dusting, might provide opportunities to efficiently engineer 

the anisotropy in thin film magnetic devices for spintronics applications. 
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4.3.4 The spin diffusion length in Zr 

 The above results focus on how the an ultrathin Zr insertion layer between 

FeCoB and MgO can effectively enhance the PMA energy density at that interface. A 

thin Zr layer can also serve as a spacer between the NM (spin current source) and the 

FM to eliminate some interfacial effects that may be detrimental to the spin transfer 

process. The spin diffusion length of Zr also needs to be determined in such a 

NM/Zr/FM heterostructure to optimize the best Zr thickness without sacrificing too 

much spin current. For this reason, I fabricated a series of in-plane magnetized samples 

W(4)/Zr(tZr)/FeCoB(tFeCoB)/MgO with a Zr spacer ( Zr0.25nm 2nmt  ) and 

FeCoB2nm 7 nmt  . I measured the SOT of these samples via ST-FMR. For a given Zr 

spacer thickness, we determined the FMR spin torque efficiency FM  (Eq. 2.22) as a 

function of FeCoBt  and extrapolated the DL torque efficiency DL  from the relation 

1/ FM  v.s. FeCoB1/ t  (Eq. 2.23), during which we also considered the current shunting 

effect from the Zr spacer to the estimation of DL . Fig. 4.8 plots DL  as a function of tZr. 

After considering the spin diffusion model, Zr( )DL t  can be expressed as: 

                                     
Zr Zr Zr Zr

(Zr,W)

Zr / /

(Zr,W)

( ) (0)DL DL t t

K
t

e P e
 

 
−

= 
+

                                   (4.3) 

where (Zr,W)K  and (Zr,W)P  are two material parameters related to the interfacial spin 

mixing conductance G
 and the spin conductance, WG , of W (see the supplementary 

material of Ref. [88] for derivation). With Eq. (4.3), I fit the data in Fig. 4.8 and estimate 

the spin diffusion length of Zr to be Zr 1.3nm = . This value is larger than that of Hf 
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( Hf 0.9nm = ) determined from a very similar heterostructure measurement. The 

longer spin diffusion length may be due to its weaker spin-orbit interaction compared 

to the heavier element Hf. We also determined the resistivity of the thin Zr layers as 

Zr 217μ cm  . With Zr  and Zr , I can estimate the spin conductance of Zr to be 

( ) 14 1 2

Zr Zr1/ 3.54 10 mZrG   − −   . The relatively long spin diffusion length of Zr 

may be beneficial for the spin transport across the Zr spacer. 
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Figure 4.8: Determination of the Spin diffusion length Zr. The dashed line is the fit using 

Eq. (4.3). 
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4.3.5 Lowing the enhanced magnetic damping using Zr spacer in Pt base systems 

 

 

 

 

 

 

 

 

 

Finally, in order to demonstrate that an ultrathin Zr between the NM and FM can 

reduce the interfacial effects that may be detrimental to the spin transfer process such 

as the SML that can increase the magnetic damping, I prepared two sets of samples 

Ta(1)/Pt(4)/FeCoB(tFeCoB)/MgO and Ta(1)/Pt(4)/Zr(0.5)/FeCoB(tFeCoB)/MgO and 

measured their damping via ST-FMR, with the results shown in Fig. 4.9. Compared to 

the Pt/FeCoB structure without Zr, the 0.5 nm Zr spacer can reduce the magnetic 

damping as can be clearly seen in Fig 4.9. This feature of using Zr as a spacer, together 

with the PMA enhancement with Zr dusting, may provide a pathway to design more 

efficient and low current consumption spintronics devices [148] (also see chapter 5).  

Figure 4.9: Magnetic damping measurements of Pt base heterostructure using Zr spacer. 
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CHAPTER 5 

ENHANCED PERFORMANCE OF THREE-TERMINAL MAGNETIC 

TUNNEL JUNCTIONS VIA INTERFACIAL MODIFICATION 

 

5.1 Introduction 

 As introduced in chapter 1, the magnetic tunnel junction (MTJ) is the basic 

building element for magnetic signal reading in a nonvolatile magnetoresistive memory 

device due to its large TMR effect. In an MTJ structure, it generally includes a direction 

fixed magnetic layer (referred as the fixed layer) and another layer (referred as the free 

layer) of which the magnetization direction can be switched bipolarly. Instead of using 

a magnetic field to switch the magnetization in the free layer, a much more efficient and 

realistic way is to exploit the spin torques to realize the magnetization switching. Based 

on the origins of the spin torques, the MTJ scheme can be generally categorized into 

two types. One type is the spin-transfer-torque MTJ (STT-MTJ) [1], which uses the STT 

via the spin filter effects to switch the free layer in a two-terminal structure (see Fig. 

5.1(a) for the schematic). In STT-MTJ, the write and read current paths are collinear. 

Alternatively, the write current path can be separated from the read one in the so-called 

three-terminal MTJ structure [149], which is shown in Fig. 5.1(b). In this type of the 

MTJ, the manipulation of the free layer is implemented through the spin-orbit torque 

generated from the transversely diffusive spin current, which typically results from SHE. 

This type of MTJ is usally referred as the spin-orbit-torque MTJ (SOT-MTJ). 
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 Compared to the two-terminal MTJ, the separation of the write and read channel 

in the three-terminal MTJ geometry provide several advantages, such as the 

implementation of a high-speed reliable read-out without a read disturbance and lower 

write energy [149], making it a promising candidate for nonvolatile magnetoresistive 

random access memory (MRAM). However, in order to be competitive with the other 

working memories such as static random access memory (SRAM), in addition to its 

nonvolatile nature, it will also require new mechanisms to improve the efficiency for 

switching nanoscale three-terminal MTJs, while also controlling the magnetic dynamics 

to achieve faster, nanosecond scale performance with low write error rates. In the 

following sections, I will show our study to improve the performance of the in-plane 

magnetized three-terminal MTJs by the modification of the free layer interfaces to 

(a) (b) 

Figure 5.1: Schematics for (a) a two-terminal MTJ and (b) a three-terminal MTJ. Figures 

reproduced from Wolf et al. [1] and Fukami and Ohno [149]. 
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engineer the magnetic properties such as the interfacial magnetic anisotropy energy and 

enhanced magnetic damping, using the techniques I introduced in the previous chapters. 

We demonstrated in these three-terminal MTJs a switching current density lower than 

any other reported SOT magnetic memory devices at room temperature, and the high 

reliability in the fast magnetization switching [148].  

 

 

5.2 Fast and low current SOT switching in in-plane magnetized MTJs via 

interfacial modification using Hf ultrathin insertion layers 

5.2.1 Sample fabrications 

All the samples in this work were prepared via DC magnetron sputtering in our 

sputtering system with a low deposition rate (<0.1nm/s) and a low base pressure 

( 810 Torr− ). The heterostructures were deposited on the high-resistive Si/SiO2 wafers, 

W/Hf(tHf)/Fe60Co20B20(1.8)/Hf(tHf)/MgO(1.6)/Fe60Co20B20(4)/Ta(5)/Ru(5) (thickness 

in nanometers) with tHf <0.3nm. We used beta-W because of its large spin Hall ratio [76] 

that can be beneficial in the magnetization switching with low switching current density 

(see Eq. 5.1). The role of ultrathin Hf insertion layers at the W/FeCoB and FeCoB/MgO 

interface will be discussed below in the next section. 

The samples were then fabricated into three-terminal MTJ devices in three steps. 

First the spin Hall channels (nominal sizes 500nm) were defined using deep UV 

lithography and ion beam etching, of which the actual width of the channel was 
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determined via the atomic force magnetometry (AFM). Second, the MTJ nano pillars 

were defined via e-beam lithography and ion beam etching. The pillar size was designed 

to have variation ranging from 190nm 30nm  to 390nm 100nm . Large, μm size 

pillars were also exposed simultaneously and serve as vertical contact between top leads 

and bottom channels. Lastly, a blanket nitride (~80nm Si3N4) was deposited on the 

wafer to protect the MTJ pillars, which was followed by the deposition of Ti/Pt contacts 

(10nm/50nm) to the two ends of the W channel and to the top electrode of the MTJ. The 

schematic and a SEM image of the MTJ channel and pillar are shown in Fig. 5.2. After 

fabrication, the devices were annealed in an air furnace at various temperatures. 

 

 

 

 

Figure 5.2: An MTJ schematic with ultrathin Hf insertion layers. Inset: SEM image 

shows a representative nanopillar situated on a W channel after e-beam exposure, 

development and ion beam etching. Figure reproduced from Shi et al. [148]. 
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5.2.2 Enhanced magnetic properties with ultrathin Hf insertion layers at interfaces 

 As mentioned earlier, we used beta-W as the spin Hall channel that provides the 

spin current in our MTJ devices due to the large spin Hall ratio in beta-W. On the other 

hand, ultrathin Hf insertion layers were also inserted respectively between the free layer 

and the MgO and between the W and the free layer. As discussed in chapter 4, the thin 

Hf dusting layer at the FM/MgO interface enhances the PMA energy density there. As 

a result, for an in-plane magnetized FM layer, its demagnetization field (or effective 

magnetization) effM  is reduced due to the enhanced interfacial perpendicular magnetic 

anisotropy energy density at that interface. The thin Hf spacer between W and FeCoB 

was designed to lower the magnetic damping as will be shown below. 

  To show that the Hf dusting layer can indeed lower the effM  in our MTJ devices, 

we performed the flip-chip FMR measurements on two control samples, one with only 

the Hf dusting (0.1nm), W(4)/FeCoB(1.8)/Hf(0.1)/MgO(1.6)/FeCoB(4)/Ta(5)/Ru(5), 

and one without any Hf insertion W(4)/FeCoB(1.8)/MgO(1.6)/FeCoB(4)/Ta(5)Ru(5). 

For both the as grown and annealed cases, the effM  in the samples with Hf dusting is 

obviously smaller than the samples without the Hf dusting, as shown in Fig. 5.3(a). 

Specifically, after annealing at 240°C for 1h, effM  for the Hf dusting-only structure was 

reduced to 4300 Oe, compared to 9860 Oe for the W MTJ system without Hf. Interesting, 

by inserting another thin Hf spacer (0.25 nm) between W and FeCoB can further reduce 

effM  to 2110 Oe after annealing at 240°C, which may be attributed to some of that Hf  
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Figure 5.3: Enhanced magnetic performance via ultrathin Hf insertion. (a) effM  

measurements via flip-chip FMR for as grown and annealed samples with and without 

Hf insertion. (b) Linewidths at different resonance frequencies (applied fields) for the 

Hf dusting-only sample and the Hf spacer-Hf dusting sample measured by flip-chip 

FMR. Both samples are annealed at 240 °C. (c) Flip-chip FMR measurement on two 

Hf dusting-only samples, annealed at 240 °C (magenta) and 300 °C (blue) respectively. 

(d) Current-induced switching of Hf dusting-only samples annealed at two different 

temperatures, 240 °C (magenta) and 300 °C (blue). The spin torque switching loops 

indicate a substantial reduction in critical current with the higher temperature anneal 

as quantified by the results of ramp rate measurements of Ic0. Figure reproduced from 

Shi et al. [148]. 
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diffusing through the FeCoB to the MgO interface during the anneal [92,150]. These 

results clearly show that the an ultrathin Hf dusting layer can efficiently reduce effM  of 

the free layer in the MTJ heterostructure. 

 Meanwhile the insertion of the Hf spacer between the W and FeCoB not only 

helps to reduce effM , but also suppresses the enhanced magnetic damping as shown in 

Fig. 5.3(b) determined from the FMR measurements. As can be seen there, the magnetic 

damping α decreases substantially from 0.018 to 0.012, which may be attributed to a 

passivation of the W surface that suppresses reaction between the W and FeCoB that 

would otherwise result in interfacial spin memory loss [73].  

This reduction in damping without sacrificing too much spin current by using an 

ultrathin Hf spacer, together with the lowing effM  via Hf dusting, are beneficial for MTJ 

current-induced switching. For three terminal-MTJs, the SOT switching current density 

within the macrospin model, is predicted to vary as [40,151]:  

                                  
0 0 0

2
/ ( / 2) /

c c SH SH s FM c eff DL

e
J I w t M t H M  = = +                       (5.1) 

where e is the electron charge, ℏ is the reduced Plank constant, μ0 is the permeability 

of free space, Ms is the saturation magnetization of the free layer and tFM is the free 

layer’s effective magnetic thickness, which were measured to be 1.2 × 106 A/m and 1.7 

nm. As can be seen from Eq. (5.1), for a given FM thickness, the smaller the magnetic 

damping and effM  are, the lower the switching current density 
0c

J  is. Therefore, our 
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results above indicate that an ultrathin Hf dusting and spacer in the MTJ structure should 

improve its performance by reducing 
0c

J  in current-induced magnetization switching. 

  To further demonstrate that annealing at higher temperatures for our MTJ 

devices can be beneficial, since it is usually required in the integration process of 

MRAM with CMOS, we annealed our samples at temperatures at 240°C and 300°C and 

determined their current switching performance. Figure 5.3(c) shows the effM  of the 

free layer in a MTJ structure with 0.1 nm Hf dusting layer (no Hf spacer) after annealing 

at 240 °C and 300 °C for 1 hour respectively. There effM  is reduced from 4300 Oe to 

1550 Oe, a compelling demonstration of the effectiveness of Hf dusting in enhancing 

the interfacial PMA energy after high temperature annealing treatments [133]. To 

examine the SOT switching behavior of devices with such low effM  we patterned MTJs 

with pillar size 390nm 100nm  and annealed two of them at the two different 

temperatures, 240 °C and 300 °C. Consistent with the reduction in effM , we observed 

clean SOT switching with a much lower critical current (after performing the ramp rate 

experiments, see next section), Ic0 = 155 μA, after 300 °C annealing temperature in 

comparison to the 240 °C critical current Ic0 = 335 μA. These results can be easily 

understood with Eq. (5.1), since a smaller effM  results in a lower Ic0 if other material 

parameters are unchanged. 
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5.2.3 Low-current SOT switching of the MTJ with ultrathin Hf insertion 

 As discussed above, inserting an ultrathin Hf layer between FeCoB and MgO, 

and between W and FeCoB, can efficiently reduce the demagnetization field and 

magnetic damping in the heterostructures. With these techniques, in order to 

demonstrate that we can indeed realize low-current SOT switching in an MTJ device, 

we prepared a sample with the thin film multilayer stack with the Hf insertion, 

W(4.4)/Hf(0.25)/Fe60Co20B20(1.8)/Hf(0.1)/MgO(1.6)/Fe60Co20B20(4)/Ta(5)/Ru(5) (S), 

and fabricated it into a three-terminal MTJ with a nanopillar (190nm 30nm ) on a 480 

nm wide W channel. The device was annealed at 240 °C for 1 hour to improve the TMR 

of the MTJ and further promote the Hf-dusting-induced PMA strength as discussed in 

the previous section. 

 

 

 

 

 

 

Figure 5.4: Current switching experiments on an MTJ with both Hf dusting and spacer 

layer. (a) Current induced switching loop of the free layer of the MTJ device (S) 

showing a thermally assisted switching current of 50 μA. (b) Current ramp rate 

measurement on the device (S). Dashed lines are linear fits to the macrospin model 

giving an average zero-thermal fluctuation critical current of 115 μA with a thermal 

stability factor of 35.6. Figure reproduced from Shi et al. [148]. 

(a) (b) 
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The minor magnetic loop response of the MTJ resistance for the device (S) is 

shown in the inset of Fig. 5.4(a), where an in-plane magnetic field Hext is scanned along 

the long axis of the MTJ device within range of ± 300 Oe. As can be seen there, the field 

range is large enough to reverse the orientation of the thin bottom free layer of the MTJ 

from being parallel (P) to anti-parallel (AP) to the thicker FeCoB reference layer as read 

out from the TMR effect, but small enough to maintain the orientation of the reference 

layer due to its relatively stronger shape anisotropy. Notice that the horizontal offset of 

the minor loop (~ −50 Oe) is due to the dipole field from the reference layer on the other 

side of the MgO barrier felt by the free layer. We canceled this offset field by applying 

an appropriate Hext in all the SOT measurements discussed in the following. 

In the main part of Fig. 5.4(a) I show the characteristic direct current (DC) SOT 

hysteretic switching behavior of the MTJ device (S) with the bias current in the W 

channel ramped quasi-statically. Notice that the switching polarity is consistent with the 

negative spin Hall sign of β-W in comparison to that of platinum [76,152]. In this kind 

of DC SOT switching experiments, the magnetization reversal attempts are typically 

assisted by thermal fluctuation for nanoscale MTJ structures during slow current ramps. 

Therefore, it is important to evaluate the switching current without the thermal 

assistance in order to determine the SOT contribution. Within the macrospin or rigid 

monodomain model, the critical current Ic that is observed is dependent on the current 

ramp rate [153], 

                                                0

0

0

1 1
1 ln

c

c c

I
I I

t
I

   
    

  = − 
    

      

                                       (5.2) 
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where Ic0 is the critical current in the absence of thermal fluctuation, I
•

 is current ramp 

rate,   is the thermal stability factor that represents the normalized magnetic energy 

barrier for reversal between the P and AP states, and 0  is the thermal attempt time 

which is usually assumed to be 1 ns. In order to characterize the SOT contribution (Ic0) 

of this device, we measured the mean switching current I
•

 for varying from 10-7A/s to 

10-5A/s, as shown in Fig. 5.4(b). With Eq. (5.2), an averaged zero-fluctuation switching 

current of |Ic0| = 115 µA and 35.6 =  were attained from the nearly symmetric SOT 

switching results. With the W channel width WSH = 480 nm and thickness tSH = 4.4 nm, 

this current (|Ic0|) corresponds to a switching current density Jc0 = 5.4 × 106 A/cm2, more 

than three times lower than reported originally for a W-based three-terminal -MTJ 

without the Hf insertion [76] and by far the lowest yet reported for any three-terminal 

MTJ device with 35   [148]. This result again highlights the effective role of the 

ultrathin Hf insertion technique to substantially improve the MTJ performance. 

 

5.2.4 Pulse and write error rate measurements 

 We demonstrated above the realization of low-current SOT switching in the DC 

case in the MTJ device. Another critical question is whether fast and reliable switching 

can be implemented with low amplitude current pulses in these W-based MTJ devices 

with the Hf insertion, which is required for the application in high-speed cache memory. 

In order to characterize the short pulse performance of the MTJ device (S), the switching 

phase diagrams for the two cases, P AP→  and AP P→ , were measured separately 
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using a fast pulse measurement method [148], with results shown in Fig. 5.5(a) and 

5.5(b). 

 

 

 

Figure 5.5: Fast and reliable pulse switching of a Hf spacer-Hf dusting MTJ device. 

Pulse switching phase diagrams and macrospin fits for polarities P AP→  (a) and 

AP P→  (b) respectively with the switching probability scale bar on the right. Each 

point is a result of 103 switching attempts. A characteristic switching time of ~1 ns and 

a critical voltage of 0.46 V are obtained after fitting 50% probability points (green 

points) to the macrospin model (blue curve). (c) WER measurement results for 2 ns 

square pulses applied to the device (a) and (b). Each point is a result of 106 switching 

attempts. Figure reproduced from Shi et al. [148]. 
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 Each data point in the switching phase diagram is the statistical result of 1000 

switching attempts, and after each set of switching attempts, the switching probability 

was recorded accordingly, which depends on both the pulse amplitude and duration time. 

We can evaluate the pulse response of the MTJ by fitting the 50% switching probability 

boundary between the switching and non-switching regions via the macrospin 

model [154] as an approximation: 

                                                               0

0
(1 )V V

t


= +                                                   (5.3) 

where 
0
  is the characteristic switching time and 

0
V  is the critical switching voltage. 

The fits with Eq. (5.3) in Fig. 5.5(a) and 5.5(b) give 
0
  and 

0
V  to be 0.76 ns and 0.48 V 

for P AP→  and 1.20 ns and 0.44 V for AP P→  respectively. With the channel 

resistance R ≈ 3.6 kΩ, the critical switching voltage 
0

V  corresponds to a short pulse 

critical switching current (current density) Ic0 ≈ 120 μA (Jc0 ≈ 5.9 × 106 A/cm2), which 

is consistent with the ramp rate results shown in the previous section. 

 In addition to fast pulse switching, we also examined the reliability of the pulse 

switching by determining the MTJ’s write error rate (WER) that is calculated based on 

the switching probability Pswitch, WER = 1 − Pswitch. In Fig. 5.5(c), it shows the WER 

results measured with 2 ns pulses on the MTJ device (S), where square switching pulses 

of increasing voltages to the W channel were applied. For every voltage level we 

repeated the switching attempts 106 times and record Pswitch, and then calculated WER 

accordingly. At 2 ns, WER of close to 10-6 is achieved for both polarities P AP→  and

AP P→ , which indicates the high reliability in our MTJ structures. 
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We notice that the observed anti-damping SOT reversal on τ0 ≤ 1 ns timescale is 

much faster than predicted by the rigid domain, macrospin model. Previous studies in 

Pt-based MTJs indicate that the in-plane Oersted field HOe generated by the pulsed 

current is advantageous in promoting the fast reliable switching because it opposes the 

anisotropy field Hc of the free layer at the beginning of the reversal [152,155]. In our 

W-based MTJ devices, due to the opposite sign of the SHE in W, the generated HOe 

from the pulse is parallel to Hc at the beginning of the pulse which micromagnetic 

modeling indicated should be disadvantageous for very fast reversal [152]. In order to 

determine if there is another effective field, despite the Oersted field, appearing in our 

sample during SOT switching, we fabricated a 

W(4)/Hf(0.25)/FeCoB(tFeCoB)/Hf(0.1)/MgO/Ta  sample (annealed at 240 °C for 1 hour) 

and determined its SOTs via ST-FMR measurements [73]. The damping-like and the 

field-like spin-orbit torque efficiencies, ξDL and ξFL, of this heterostructure were 

obtained as 0.20 0.03DL = −   and 0.0364 0.005FL = −   [148]. This field-like spin 

torque efficiency FL  corresponds to an effective field 11 26.68 10 Oe / (A / m )−−   in the 

MTJ structure with a 1.8 nm free layer that is oriented in opposition to the Oersted field 

generated by the electric current, as previously reported for W devices [76], and 

approximately three times larger. Based on these results, the net transverse field in our 

W-based MTJ is thereby in opposition to the free layer’s in-plane anisotropy field at the 

beginning of the reversal and hence may be playing an important role in the fast and 

reliable pulse switching results discussed here. 
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